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ABSTRACT - 

* This packet, part of the instructional materials for 
the Oregon apprent icesl^ip program for millwright .training, contains 
five modules covering cbmbustjon. The modules provide information on 
the' following ^topics: the combustion process, types of fuel, air and 
fuel gases, heat transfer, and cbmbustion in wood. Each module 
consists of a goal, performance indicators, student study guide, 
vocabulary, introduction, inf^fmation sheets illustrated with line 
drawings and photographs, an assigntfient sheet, a job sheet, a 
self-assessment test with answers, a post-assessment test with 
answers tor the instructor, and a list of supplementary references. 
(Copies or\supt>lementary references, which are sections of lectures 
from a correspondence course published by the Southern Alberta 
Institute of Technology, are included in t-he packets;) (KC) 
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. RECOMMENDATIONS FOR USING' TRAINING MODULES. 

The following pages 11st modules and their corresponding numbers for this 
particular apprenticeship trade. As related training classroom hours 
vary for differeat reasons throughout the state, we recommend that 
the individual apprenticeship committees divide the total packets to/ 
fit their ^dividual class schedules. . . 

/ , ■ - • ,t 

There are over 130 modules available. Apprentices can complete the * 
whole set by the end of their indentured apprenticeships. Some 
apprentices may already have knowledge and skills that are covered 
in particular modules. ' Irv those cases, perhaps credit could be 
granted for those subjects, al lowing apprentcies to advance to the. - 
jremaining modules. 

We suggest the the, apprenticeship instructors assign the modules in ' 
numerical order to make this learning tool most effective. 
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SUPPLEMENTARY INFORMATION 
ON CASSETTE TAPES 



Tape 1: Fire Tube Boilers - Water Tube Boilers 

and ^Boiler Manholes and Safety Precautions 



Tape 2: Boiler Fittings, Valves, Injectors, 
Punps-and Steam Traps 



Tape 3: Canbustion, Boiler Care and Heat Transfer 
and Feed Water lypes ' 



Tape 4: Boiler Safetj^ and Steam lUrbines 



NOTE? The above cassette tapes are intended as additional 

reference martftifldl "f5r~tlTS respective nudulesj-as" ■ - 
indicated, apd not designated as a required assignment. 



V. 



Modules 18. 1\ 19.1, and 20,1 have been omitted becausfe they contain ^ ' ! 

dated materials, , . 
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COMBUSTION — PRi 



\ 




Go^: 



The apprentice will be aljle to 
describe the basic process of 
combustion. 
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Performance Indicators: 



!• Describe basic combustibles— 
carbon, gaseous hydrocarbons 
and darbon monoxide dnd 
hydrogen. 

2. ; Describe perfect combustion. 

3. Describe complete combustion. 

4. Describe incom'plete combustibn. 



1 7 



f 



INSTRUCTIONAL LEARNING SYSTEMS 





Read the 
package. 



. J 
goal and performance indicators to fiad what ia to be learned from 



V 



vocabulary list to ^ind new words that will be used in package, 
introduction and information sheets. 



Read the 
Read the 
Complete the' job sho^'. 
Complete 
Complete 



self-assessment, 
post-pssessment . 



\ 



If 



'I fir 



tl. I * 



v ; V. 



i 
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Vocabulary 





* .,\ • ■ 



* Carbon 

* Carbon dioxide 

* ^Carbon monoxide 
, Combustible 

^ Gomtjiustioft ' 

■ A . r. 

■ V '. li 

^* Cbmplete combustion \ 
' * Decoinposition 

' ■ " ' Gaaebus hydrocarbons 

\, • 

IHI^ Incomplete combustion. 

* Perfect combustion 

; ^ * Soot' . 

* Siflfur dioxide ?^ 



•^l')' ' .••■.•;.V ^ ".»"■■', ^ 




Fuels are iWfned for the;, energy th«t they contain/ the /Slirnihg of fuels is 
referred to as combustion • As combustion takea^lace,/ the heat energy /is 
collected and used for producing steam and other"^ purp^ 

The basic conbuation process involves, combining combustibles with oxygen, 
Sombustjion cannot take place in the absence of air (oxygen). The control of air 
to tl?e combustion chamber is critical for efficient capture of heat energy. 
Combustion is a chemical process that recombines carbon, hydrogen, oxygen and 

sulfur molecules, . . ' 

* . . * • 

A plant operator 'must understand the basic combustion process and how to 
recognize the characteristics of flames. They must' be able .to control the 
oxygen supply in a way that complete combustion can take place. If this is not 
done properly, the heat, energy is lost up the smoke stack. 
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The process, of combustion. qiu3t |be understood" by the operator. Different fuels 
react in different manners during the combustion process. The portions of a; 
fuel that burns during combustion is called combustibles . ' The bossic 
Gombustimes in a fuel are:^ - : /■ . \ • • 

* : Solid tarbon ■ v . r ' ' ^ ^ ■ 

* Gapieous .hydrocarbons 
^(^rbonrm hydrogen , 

Carbon . ' \ ' i:: . . \ ■ ;v 

Carbon fuels such as coke, ' coal and charcoal hvirns with- a Vhite , luminous f Xawe . ^ ^■ | 
The carbon is represented by the syipboi C. -' When o mixes iwith p)?ygen (02)(^'i 
from the air, the foUovdng products, ^re^ult: ; ' ■ • ! - 



G + Oil. 
C + 0 



^'vCCk ( tdrbon dioxide ) 
-- -f—- ^rr-* ' GO X carbon monoxlZia ) 



A dioxide medns that two oxygen atoms are combined with each' carbon atota. 
Monoxide means that orilj one oxygen atom combines with ea^h cairbon atom. A 
prefix of di riie^ns two-? A prefix of Hflono means one in all chemical formulas. 
Carbon dioxidcj i^ a product of' complete .combustion . Carbon monoxidfe is a 
product of ^ ^ncbmpletfe combustion . Complete combustion is dependent on the 
amount of Voxy gen or aiT that is available to the "combustion process. The 
control of, air to a furnace: is critical to efficie^^^ 



Gaseous HydtocarjjQns; 



Gaseous hydtocarbcviis are the basic combustible of fuel oil, natural gas and the 
heavy tars found in bituminous coal;. These hydrocatbpns are vaporized before 
combustion takes pl^ce^ ' Hydrocarbons must mixed Vith 'largfe quantities bf air ^ 
if complete' combust j(.on is to take place. The oxygen combines with : the carbon- * 
atom,? ; ' to form lighter ctmpounda wlitch- are dbmbustible. Another me.thod for , 
combustion of hydroicar bona is tb T6duce| them to soot thtough decomposition . . 
Decomposition breaks the hydrocarl?ons into carbon (soot) and hydrogeh molecules. ^ 
The spot (p) is;||i^n !C(/i)Dbined^ ' " : v f 

Carbon Monoxide and Hydrogen :/ ■ ^ V ^ ^ ; . -f ^ 

Carbon mondxidei results! If rom^the' cpmbustioi^ of hydrocarbon fuels. It is ,,'part of 
most gas .'fuels. Hydrogen is 'also liberated in the form of H during the burning 
of .;hydrocarbo,nsV : i feotb P^ these prpoucts can be ^rned at^^temperatures of 760 C. : 



■■ :i> i ■ 
1 • ■ . • . 

':.'m; 
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Informatron 




to 15A0 C with excess supply of oxygen. Carbon monoxide burns with a light blue 

flame. Hydrogei/shows a colorless flame. The burning of carbon monoxide and 

hydrogen, converts the combustible to carbon dioxide (CO^) and wfiter (H;^0). The 
chemical formula for the combustion of carbon monoxide' is: 

CO Ox COi J^rbondioxide) + 0 (excess oxygen) 

Hydrogen burning is shovm as: - ■ , 



2H, 



0, 



Sulfur Combustion 



2H40( water )0 (oxygen) 



Most fuels contain sulfur, 
dioxide (SO;j). 



The sulfur (S) combines with oxygen (0" ) ' sulfur 



S + 0;i 



so^ 



Sulfur is an impurity in the fuel and should be avoided as muA as possible. It 
changes into acid forms' that damage metal. 

' \ ■ ' • ■ ■ . ■ ;■ . ' 

Perfect Combustion 

' If all combustibles were completely burned it would be perfect combustion. In - 
• perfect combustion, the products would be carbon dioxide, sulfur dioxide, water, 
nitrogen and ash. Perfect combustion is nearly impossible because of the 
problems in getting the combustible molecules linked up With oxygen molecules. 
; Large quantities of 'diluting gases must be present t(5 allow all combustible 
' molecules to find oxygen partners. 

) ' • r 

Complete Combustion 

• Complet# combusVii>ii occurs when an excess of air is provided beyond that 
provided for perfect combustion. In addition to CO^, SOz, H;iO, N;iand ash, the 
flue gases will have Ox because of the excess air us^d in the process, 

■ - ■ . . ." ■ " ' ■ ',■■*■""■' ■ 

Incomplete Combustipn 

' In incomplete ■ combustion some of th'e conbustlBies pass out the stack without 
. yielding up their heat. The products of incomplete combustion are CO^j, SQ» , 
' V'-.O and Ni as found in complete combustion. In addition ,v carbon monoxide (OU}, 
^hydrogen (Hx), soot (C) and methane (0%) will be passing out the stack. These 
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produots Ave lost to the he&t productiort pracess by incomplete combustion • 
Usually, a lacic of oxygen is the cause of incomplete combustion^* Care must be 
used in Supplying excess air to the combustion process. Too much air can move 
flue^ gases but;: 4)efdre they^ give up their heat. Onj^the other hand, too little \ 
air always results ih heat losises due to incomplete combustion. The air must be 
well mixed with , combustible gases to make the chemical changes needed for 
complete combustion*' 26metiiries the ' flow patterns of gases and air become 
stratified in layers which presents mixing.^ A short bright fire is one that has 
plentf^-of or an excess of axH .Gas flames with too much air may appfear blue at' 
the tips while oil firets efli±t sparklers. On oil fired boilers a blue haze from 
the stack Indicates excessive air. New air pollution standards require th^t 
less excess air be used."^ This 'may result in less efficiency because 6f 
incomplete combustion. ^ " 



^ The- operator must learn to recognize'the characteristics of flames and stack 
^^missions< Visual instpectioris arQ the basis for monitoring the combustion 
EProcess. Efficient harvesting of thd hea^t is dependent on the completeness of 
cdmbustibn. 



- m- 
\ 



4 «^ . 
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^ Complete the job sheet. 

* Complete the self -assessment and check answers. 

^ Complete the post-aqsessment* and have instgructor check the answers. 



■v n 
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Job Sheet 






COMPLETE VISUAL INSPECTION OF COMBUSTION PROCESS . - . . 

Inspect flame and note characteristics. 
^ Inspect stack emissions and note charttEteristics. 

* Descrioe the combustion prqfcess as to its completeness or incorapelteneps 
based on visual inspection; ' S 

If there is a problem with the combustion process, recommend action for its' 
improvement. ' ^ ' ^ 

^ Check your observations and recommendations vdth the operator to determine 
it your irispectiori was a valid one. 
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.Self 

Assessment 



/ 





Match the fol|owing terms andyphrases. 
Carton monoxide 
2. Carbon dioxide 



3. Gaseous hydrocarbons 



A, DecoraPbsifcion 

> 

'5% Complete combustion 

^ f' 

6. Incomplete combustion 

7. Carbon ^ 

8. Mono 

9* Excess air indicator 

10, Di . ^ 



A,- One 

B; Products are CO . •SO . H O, 
t N and\ ash . 

C, Product of complete combustion, 

» > 

D, Bltie haze at the. stack. 



E. Basic combustibles of fuel 
oil and natural gas. 

F. Product of incomplete 
combustion , 

■< 

G. Two. 



H. Products are CO , SO , HO, 
N and CO, H , Q, CH . 

I. Reduction ..of hydrocarbons 
to soot. 

J. Burns with a white, luminous 
flame . 



I 0* 
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Self Assessment 
Answers 





F. 1, 



Z 2. 

J ^ 3,, 

I 4. 



B 



H 



5. 



6. 



•A 7. 



k_ 8. 



D 



9. 



10. 



ERIC 



11 



21 



IMa T RUC T lONAL LEAHNINU m\m 



J'ost 

Assessment 




1. What is the most common product of incomplete combustion? 

2. What is the m6st common product of complete combustion? 

3. What one product is found in complete combustion that is not found in 
perfect combustion? * 

A. What harm is done. when gases and air become stratified in layers in their 
flow pattern?? 

r ■ ' ' ' 

5. Do\air pollution requirements always increase the efficiency of combustion? 

6. In an oil fired boiler, what would sparklers at the flame tips indicate to 
the operator? 



7. What is the process calted^n which hydrocarbons are reduced to soot so 
that combustion can take place? . ' 



8. What"rs the color of a carbon monoxide flame? 



9, What two products result from combining carbon and oxygen in the combustion 
prodess? - ■ a ■ ■ 



10. What is the product of this qhemical reaction? S +" 0 

r 



so 



12. 
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f^ost Assessment 
Answers 





1. Carbon monoxide 



2. Carbon dioxide 



3. 0 



. 4, They fall to mix causing Incomplete combuation. 



5. No 



6 . Joo much air 



7. Decomposition 



8. Light blue 



9. tiarbon monoxide, carbon dioxide 



10. Sulfur dioxide. 
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^Supplementary 
References 





* Free choice reading of texts, pamphlefcs or manufacturer information on the 
combustion process. 
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^ COMBUSTION — TYPES OF FUEL 



* Goal: • 

• 




Performance Indicators: 


The apprentice can describe 
types of fuels « ^ \ 




1« Describe coal fuels, 

2- Describe oil fuels • 

3* Describe natural gas fuels. 






4. Describe^ wood fuel# 






5 4 Desc^ribe proximate and 
uUitaate analyses, 

♦ 

.- , t ■ 


• •; 
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* Read the goal and performance indicators to find what is to be learrted from 
package, " V 

* Read the vocabulary list to find new" words that will be used in package, 

* Read the introduction and information sheets. " 

* ' ' ' . • • . 

* Complete the Job sheet. . ! ' 

* Complete self -assessment, 

* Complete post-assessment • , . d . 



^ 'i. ■• •" 



.luV-rl-in-riuiitH' 
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. '^ ^. /.Anthratite.'- ■ 
. ,M*tumln6u8 . « 
, Crude petroleiipi 
><^ - Fixed earbon ' ' . i;, 

* Heavy oil (Residual ^il) 
H9g8^d fuel V 
1^ oil 

„} ^ Hroxiniate analyses 

* Puiverized fcoal 

* V*^ Semi-anthracitji} ' 
^ Sujb-bitumlnous 
. * UltimatiP , analyses . \^ 
v> Volatile matter- . '\ 




\ 
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Intrbduction 




Fuels contain carbon and hydrogen which can be eaaily combined with oxygen in the 
combust ±oiv 'ptt)ceo-ftT---A-^i^^ snlid anrh ,,flA,.£^Lj}lLJifaQda>^ 

such as fuel oil; or a gas such as nautral gas. 

An operator sliould understand the fuels and their characteristics, advantages 
and disadvantagejs» Each fuel has unique qualities that should ba fully 
undetstbod if efficient heat yields are to be obtained from the combustion of 
the fuel. ' 



A 
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Fuels, are substances that wijl produce combustion when mixed with oicygeri. 
types of jfuel are used, to, operflte power, plants. The coppon £uels are: 

! ■. U Coal '■ : ' ' / . ' ' ' ' " r 

! V 2., Fuel oil" - ... • ■ ■; .. 

!■ - a. Natural' "gasi .... , '* .' 

\- : A., Wood \ ■ . 

' Coal ' . ^ ■ \ 

iCoal Is made up of fixed carbon and volatile matter .- The volatile- matter 
^ portion of coal is made up of hydrocarbons that convert to gas form when heated. 
The iportion of coal that is left after the volatile matter is passed off is' 
.called fixed carbon. Coals are divided into classes according to- their content 
,'of fixei^carbon and volatile ma.ttet,., . < 

1. * Anthracite — a shiny, hard coal vith e high percentage affixed 
„ carbon (92%) and a low percentage of volatile matter (8%); 

2. Semianthracite a dark- grey colored coal with 86 to 92% fixed carbon ; 
and 8 - 143t; volatile matter. 

3. Bituminous •— a black to dark\brown coal that are best suited for power 
plant fuel. The supply is illentif ul and cost is reasonable. The 
volatile matter content rangeil from lA % to more than 31 %. 

A. Subr-bituminous —High moistul-eL content coal which reduce^' their 
•shipping for power pldnt fuel . ' • 

5. ^ Lignite — Brown colored coal with high moisture and ash content and 
low heating value. It is not economical to ship lignite long distances. 

6. Pulverized Coal — Coal that has been finely ground and can be fed into 
; the furnace with a stream of air. Pulverized coal Is utilized by large 

plants that are located near the coal deposit. - ' . 

• <* \ 

Fuel Oil ■ 



Fuel oil is made from petroleum* It may be of three types* 

\^ Crude petroleum as it comes out of the well without processing* 
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■ \ .-. • ■•.•>;■,. _ ' ■ • .... . " ..■ ■ 

A 2v. H^avyVQil or Residual OH — The residue of crude petroleum af ter 

^ pa;-tial refining. Gasoline and other volatile materials 'have been 

';..vv. terooyed to make it a'siafer fuel, ' , 



3'. ' ' -tight fuel oil ~ Residue of petroleum after complete refining. 



< .... , \ f 

'-^ Fuel^ils are' designated by grades that range- from No. 1, the lightest grade, to 
;\ No.' 6<, i the, heavi^^at grade. No. 6 fuel oil is the most common to steam generation 
plants. ^Fuel: oil has many adv^tages over coal as a fuel. The combustion 
efficiency is higher; less storage is required; and it requires less labor and 

'■ ^.(Etquipm^ht. 1 ;". 



< 



Natural Gas 

' -HdiuraiV^gas * is largely methane which is a hydrocarbon with the formula of .CH^, 
This ..means that each molecule of methane is composed of one carbon and four 
[lA'^'^, hyd.ro gen atowa ■ that are hooked together like this: 



.f ** ■ 



H '4- C — H 

I ...... 

H ■ 



•r V 



Methahe ;;:^kes up about 77% of natural ' gas . There is pome 6% ethane which is 
, bpnded. together like this: ■ 

H — G:*^ C — H 

/■■■■■■ t'-^ -'l V- ■ ■. ■ . • 

1^ ciiemic-al formula for ethane is C^H^br two carbTJn atoms and dix hydrogen 
^atoms. to' each molecule. 

■ -^I^ natural gas contains 4% of other 

V Hydrocarbons 7% hydrogen[. sulfrlde:.and. 5% carbon dioxide. The sulfur is usually 
removed from natural gas before it i$ burned. ' 




t. ^ 



Natiiral gas is the ideal boiler fuel. It does not leave an ash or residue, can 
6e/ easily mixed with air; and is easy to control. . It is more expensive . than 



•:>.v'.-; 



36" 





solid fuels and may require long lines to bring it to the plant site. 
Wood • . . 

i^ood aftd bark residues caft be utilized to fuel boilers. Ho gged^^fuel 
that has> been reduced to small pieceis in a machine called a hog . 
unit, ot hogged fuel (200 cubic feet) would contain the f'olloydng: 



is wood 
A typical 



V: 



. 98A0 BTU , 
2Q0, 220 BTU 



Total weight ~ 3650 pounds 
Day weight — 2190 pouijds 
Water by weight — AO percent 
Hejating value per dry pound — 
Heating value per unit — 21, 
Ash cdntent 1.88 percent 

Hogg«d fuel is classified by species of 'wood, .size, mioisture . content, 
ultimate analysis proximate analysis and heating value. The fuel has a high 
oxygen content which reduces. the demands on outside air supply. The sulfur 
content of hogged ■« fuel is so low that the probliems of air pollution are not a 
risk, Th^ volatile matter content of wood and bark is higt (70-90%) and varies 
between species, .Woods \iUh. high resin content produce much more heat than low 
resin woods. . • ' - 



Ultimate Analyses - 

l Ultimate/ analyses ate usiad to deteirmine the chemical content of fuels. The 

amounts (percefttagfes) of hydrpg^n, carbon, nitrogen and ash in the wood are 

deter<4ned by ultimate ansilysia. . The ultimate analyses for Douglas Fir and 
Western Hemlock hogged fuel is shdwn< in the following table. 

Table 2. Typical Ultimate' Analyses Data for Moisture -Free Samples of 
Hogged Fuel Bark. ' ^ 





Component < 


Douglas 
fir; (14) 


Western 
hemlock (14) 


Avg of 22 
samples^ , 






% '., ■ 


X 

' 5,8 
i51.2 
3'9.2 
0.1 
3.7 


■* • 


» 

V 

% 

1 s 


Hydrogen 
Carbon 
Oxygen 
Nitrogen 

Ash Cinorganics) 


.6.2 • X 

• 53.0 
39.3 

* 0.0 
1,5 


6.1 
51. 6 
41'. 6 
0,1 
0,6 



^These- samples were collected and analyzed- by Weyerhaeuser Company _ 
They were ri^indom samples of hogged fuel taken from various mill sites. 
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Proximate analyses\/are used to determine the 
fixed carbon and ash in a fueL A proximate 
and sfawdust fuels^^are shown in the follovdng tab 




^entages of volatile nt^tter , 
ses of several types of bark 



Table" 3. Typical Proximatq^S|i)ady^«is of Moisture-Free Wood 
Fuels (8) . , j^ffP ■■>'tt ■ ■ 



Species 



Volatile 
matter 



BARK .. - 

Hemlock i 
Douglas fir » old gTAwth 
Douglas fir,: young" growths 
Grand fir # . 
White fir " . 
PonderOsa pine . . 
Alder ' 
Redwood • f'\ 
Cedaf bark 

SAWDUST 

Hemlock. • 
Douglas fir '-.■.^n. 
White fir ^ 
Ponderosa pin^' /v. 
Redwood /l 'S;- 

Cedar 



74.3 
70.6 
73 .:o 
74.9 
73.4 
73.4 
74.3 
71.3 
86.7 



Charcoal 



24.0 

27.2 

25.8 

22.6 

24.0 

25. 9 

23.3 

27. a 

13.1 



Ash 



1.7 
2.2 
1.2 
2.5 
2.6 
0.7 
2.4 
0.8 
0.2 



84.8 




15.0 


0.2 


86.2 




13.7 


0.1 


84.4 




IS.l 


0.5 


87.0 




12-8 


0.2 


83.5 




16.1 


0.4 


77 .0 ' 




21.0 


• 2.0 
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-A — Comi>lete seH-assessnrent and check answers- vith -^the answer- sheet. 
* Complete post-a^^essment and have instructor checl^our answers. 
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Assessment 





0 



!• Volatile matteir ^ 



2. Fixed carbon 



Anthracite 



%. Pulverized coal 



5. Bituminous 



k\ Shiny, hard coal with high 
l^el of fixed carbon. 

. 'a 

B, Oil as it comes out of the 
ground • 

C, Oil that has had complete 
distillation, • • 

D, Makes up 77% of natural gas* 

Fed into 'furnace by air T 
stream. ^ 



6^ Crude petroleum 



F. Low in sulfiir content. 



7. Heavy oil 

8. Light fuel oil 

9. Methane' 
1(1. Wood ^ fuel 



G. 



Portion of fuel left after 
volatile matter is passed off. 

Type of coal that is best 
suited as power plant fuel. % 



I. Oil that has had partial 
^ distillation. 

J. Converts to gas when heated. 
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0 Self Assessment 
Answers 




B 



1. 
2. 
3. 
4, 
5. 
6. 
7. 
8. 

10. 



1 



/>QSt 

Assessment 



1. Coal Is made %p of fixed carbon and 



2. Anthracite has 92% fixed carbon and 8% 





3, List three types of fuel oil thftt can be used as furnace fuel, 

f 



A.. The grades of fuel oil range ^^rom No. 1 to No, 



5. What does the follovdng chemical formula represent? 



8. 

9; 



r 

H — C - 
I 

H 



6. Natural gas is made up of 77% 



^6% 



A% of other hydrocarbons^ 7% hydrbgen sulfide and 5% carbon dioxide. 
7. Describe the ash problem with natural gas fuel. ^ 



a fuel. 
A ^ 



W - 

analysis determines the chemical compositidn .of ^. 



mi^tter, fixed carbon and ash in a fuel. 
10. Is sulphur a big problem in wood fuels? 



analysis determines the percentage of volatile 
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insirucior 


, ^ — ^ 




r OSi /\S5e55iTieni 






Answers 








1. Volatile matter 

2. Volatile matter . ' 

3. Crude petroleum, heavy oil, light fuel oil 
V 4, No. 6 

5. Methane 

6. Methane, Ethane 

7. There is no ash problem. 

8. UltimatQ^analysis 

Jf 9. Proximate analysis /"^ 

10. No 
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FOREWORD 

Thi& book is not wfitten as a "how-to" book. Rather, it is written to increase the understanding of 
systems and processes in operating boilers with wpo^ and bark fuels. Emphasis is on the importance of 
completing the combustion reaction to minimize pollutant emissions. " ► 

The material presented grew out of a series of lecture notes. It encompasses the author's personal 
experience in the field, information found in a varie^fof publications, and considerable information from 
on-the-job operators,, powerhouse superintendents, and engineers. Although the primary objective was to 
write a book that would be useful to operators, experience has shown that the information contained also 
may be of value to managers and engineers concerned with powerhouse operations. 

The operation of boilers fired with wood and bark residues can have several goals. Included are the 
need to generate low-cost steam on a reliable basis that meets stringent emission standards, the desire to 
obtain high thermal efficiency, and the goal of burning large volumes of waste materials to minimize 
difficulties in solid-waste disposal. ' 

To meet these objectives, both the system and the operator must function properly. Sufficient 
equipment must be available to prepare and transport fuel, complete the combustion reaction, generate' 
high-quality steam in response to demand, and clean the exhaust gas stream to meet emission standards. 
Not only does this require sufficient equipment, it requires that the equipment be well maintained. Plugged, 
broken, dirty, uncalibrated, or unlubricated equipment prevents the system from doing its job. 

Operator skills are equally important. EVen the best equipped and maintained systems will not 
function optimally if the operators are uninformed or misinformed. The purpose of this book is to upgrade 
the skills of operators of hogged fuel boile|-s. Subject matter was selected in combustion systems, 
characteristics of wood- and bark-residue fuels,| principles of combustion, factors affecting^combustion of 
hogged fuel, monitoring equipment, combustion control equipment, pollution control devices, measure- 
ment of pollutant emissions, and regulations pertaining to emissions from boilers fired with hogged fuel. 
Emphasis is placed on the importance of completing the combustion reaction as a means of minimizing 
pollutant emissions. ' - 
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1. CX)MBUSTION stSTI^MS FOR WOOD. AND BARK-HIRED BOILERS 



Wood and bark residues can be burned with ease and little or no equipment. Thisls denionsVated by 
the classic campfire. You OfJed only start a small fire wit]i dry scraps or twigs and pile the wood properly io 
enjoy a cheery blaze. " , 

Utilizing wood fuel in this inanner is enjoyable, but has jdrawbacks. First, most of the heat escapes 
with the exhaust gases. Second, carnpfires smoke. 

to take full advantage of tl|e heating vafue of wood and bark fuel_ and yet control the smoke, a 
, compl^'x system for 'combustion and heat exchangt? is necessary. These systems, referred to lis "boilers/* 
have many components, which include systems to prepare, store, transport, and feed the fuel; systems to 
heat, transport, and control the f|ow of air for combustion; a furnace for combustion; a heat exchanger 
system to transfer available hCat from the' combustion process to heat energy in steam; control devices to 
limit emissions of air pollutants; a feed-water treatment system to control foaming, minimize scale 
formation and sedimentation, and provide a continuous How of deaerated water to the steam generating 
system; and systems to monitor and control interrelated processes. 

There are many variations in equipment used pn boilers. One typical arrangement is shown 
schematically in Figure I . Important variations are discussed. 
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BASIC COMPONENTS OF A BOILER 
t 



Figure 1 . Typical basic components of a boiler. 

I 
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Furnace Designs 

Three basic classes of furnace design are 
commonly used for wood firing: Dutch ovens, 
spreader stokers, and suspension burners. 

butch Ovens 

The Dutch oven design was the standard up 
until the late 1940'sand early I950's (Figure 2). It 
is primarily a large, rectangular box, lined on the 
sides and top with firebrick (refractory). Heat is 
stored i^f the refractory and radiated to the conical 
fuel pile in the center of the furnace. This aids in 
driving moisture from the fuel and evaporating the . 
organic materials. The refractory may be water 
Vcooled to minimixx- the damage to the furnace 
from high temperatures; 

The fuel pile rests on a grate. Underfire air is 
fed through the grates. Overfire air is fed in around 
the sides of the fuel pile. By design, incomplete 
combustion is intended to occur in the Dutch oven 
or primary furnace. Combustion products pass 
between bridge wall and drop-nose arch into the 
secondary furnace chamber, where combustion is 
completed before gases ienter the heat exchange 
section. 



This furnace design has a large mass of 
refractory, which helps to maintam uniform tem- 
peratures iri the furnace region,. This aids in 
Stabilizing combustion tates, but resmlts in slow 
response to fluetuating tiehiands for steam, n The 
System works well, if it is not fired at high 
combustion rates and if tlie' steam load is fairly 
constant. With this design, however, the underfire 
airflow rate is dependent ^pon height and density 
of the fuel pile on' the grates. When the fuel pile iS 
wet and deep/'the underfire airflow- ia low; Thus, 
the fire may be defiqient in oxygen. As the fuel 
dries and the piie burns,, down, the flow rate 
increases as the pressure drop through the fuel pile 
decreases. This brings^about an excess of air in the 
furnace. For fluctuating steam loads, the result is 
continuous change from insufficient a ii" to excess 
air. This feature, coupled with sloW response, high 
cost of construction, and high costs oT reffactory 
maintenance, resulte<l in phasing out Dutch oven 
designs. . 

A variation of the Dutch oven design is the 
fuel cell. Fuel celta^ usually incorporate a primary 
and a secondary combustion chamber (Figure 3), 
The priinary combustion chamber is 9 veVtical, 
refractory-lined cylinder with a grate at the bot- 
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Figure 3, Fuel cell furnace system. " 



torn. I^uel is fed into the cell and drops to the grate 
or is fed from an undecgrate stoker. Aif is fed 
through the grate, and the combustion is partially 
completed in the cell. Heat is radiated to the fuet>^ 
pile from the hot refractory. Combustion is com^ 
pletecTln the secon^ry combustion chamber. 

Spreader Stokers 

In spreader-stoker furnaces CFigure 4), fuel* is 
spread pneumatically or mechanically across the 
furnace.. Part of it burns in suspension, but large 
pieces fall on a grate. The feed system is designed 
to spread an even, thin bed of fuel on the grates. 
^The flame over the grates radiates heat back to the 
fuel to aid combustion. Underfire air can be 
controlled, because the pressure drop through the 
fuel mat is fairly constant. 

Spreader-stoker furnace walls normally are 
lined with heat exchange tubes (water walls). As 
there is little refractory, construction and mainte- 
nance costs are low. For a given steam-generation 
capacity, spreader stokers are substantially smaller 
than Dutch ovens. Also, they can respond to load 
variations quickly and with less upset in the 
combustion process. With little orVio refractory to 
reflect heat back to the fuel, heated combustion air 
is normally used. 
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t^igtjire 4. Small spreadei^toker furnace^ 



Suspensioiy Burning Systeim 

•'ucl ni small si/cs can be burned iii suspen- 
sion, that is. supported by air rather than by fixed 
metal grates. Sanderdust usually is burned in this 
manner. With adequate reduction in size, wood and 
bark residues also can be burned in suspension. The 
advantages of suspension burning include low 
capital^ costs for combustion equipment because 
grates are not required, and ease of operation, as 
grate cleaning is not necessary. The ash goes into 
suspension as particulate matter in the exhaust 
stream or falls to the furnace bottom for removal, 
and * nlpid changes in rate of combustion are 
possible. . ■ * 

Suspension Inirning has disiidvantages. how- 
ever. Because most of the ash escapes with the 
oxhaust gases, control of lljlrfsh may be difficult.* 
lomperaturc control in Ihe^ combustion chamber is 
critical, Jf the ash-fusion temperature is exceeded, 
the ash may . form large pieces, which can plug or 
damage the system. Fuel preparation must be 
extensive to assure fuel size small enough for 
suspension burning. Moisture content also must be 
controlled within reasonable limits. This can be 
costly for systems burning wood and bark fuels. 
bor sanderdust fuel, the processing already is done. 
Residence time is critical (as in any combustion 
system). The nature of suspension burning incor- 
porates short residence. At high combustion rates, 
It may be insufficient for the process t-g go to 
completion. . 

Suspension burning systems range from sim- 
ple sanderdust burners mounted in an existing ^ 
furnace to especially designed furnaces, coupled to 
extensive systems for fuel preparation. Some sys- 
tems incorporate cyclones in the suspension proc- 
ess. Recent developments in combustion systerns 
use fluid ized beds as suspension systems. These 
offer great potential for control of the combustion 
process as well as control of emissions. Only a few 
fluidized beds are used currently, but they are 
expected to become more common during the next 
decade, especially for lowrcapacity units. 

'Some suspcmion units arc designed to "slag" or melt tlie 
ash in the Combustion chamber, thus reducing the amount 
of ash entrained in the exhaust^gas stream. 



Variations in Grate Designs 

Within the categories of Dutch ovens and 
spreader stokers, the jgrate systems may vary 
substantially. They may be categorized as fixed or 
dumping grates; air<ooled or water-cooled grates; 
Hat or inclined gratesr stationary grates, continu- 
ously ^noving chain grates, reciprocating grates; or. 
grates with large area for gas passage, 'such as 
^'herringbone*' rather than pinhole designs. Design 
of a particular grate system takes into account such 
factors as fuel size, moisture content, available 
heat, maximum rate of steam generation of the 
boiler, and acceptable level of maintenance. Many 
of^^ the differences, however, reflect the product 
line of particular manufacturers. 

Fire-Tube and Water-Tub^ Heat Exchangers 

In boilers, the purpose of a heat^ exchanger is 
to transfer' heat energy released by the combustion 
process to heal energy delivered in steam. This is 
done two ways. In the water tube boiler, the most 
commonly used, water is putjnto tubes and hot 
combustion gases pass around the outside of the 
tubes (Figure 2). In the fire tube boiler, hot gases 
pass through the tubes and' water circulates around 
the outside (Figure 3), With this design, hot gases 
can travel through the tubes in tU'rbuleiit flow 
patterns, which increases the rate of heat exchange 
to the water and makes the design very.eflicient 
The design is pressure limited because of high 
mechanical stresses placed on the drum by its 
inherent features. tube boilers are seldom 

larger than 15,000 pWids per houi; (pph) in 
capacity. ^ 

III 1973 iti Oregon, ^there were 56 fife tube 
and 185 water tube boilers fired with residue wood 
and bark fuels. Together, they consumed 5 million' 
units (one unit equals 200 cubic feet) of fuel in 
that year (1 1). 

^Size of Boilers 
Boilers arc measured by their capacity to 
generate steam. Several measurement systems are 
used, of which two are particularly important in 
referring to wood- and bark-fired boilers. The first 
is boiler horsepower (bhp)^ which is the rate at . 
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wlucii the boiler tan evaporate water at 212 1^^ to 
saturated steam at 2r2 F, For example, I blip - 
34,5 pounds of water evaporated, per hour, A 
typical boiler might be rated at 700'. bhp. It was 
designed to generate steanfi at a rate of 34.5 x 700 
^ 24,^50 pph at atmospheric pressure. The system 
rating above atmospheric pressure wou|^ be iess 
than 24,150 ppL 

A more exact rating system refers to the 
* design steam generation rate at a particular temper- 
ature and pressure. For example, a typical boiler 
might have a ccipacity of 50,000 pph at 165 
pounds per square inch absolute (psia) at 366 F. 



The advantage, of specifying temperature and pres- 
sure is that it tells you how much energy is 
available in the steam, Reterence to a steam table 
provides information on the energy in terms of 
flritish thermal units (Btu). 

Wood- and bark-fired boilers have a wide 

/ range in capacity. The smallest units are hand fired 
and produce less than 1,000 pph of low-pressure 
steam. At the other end of the scale, boilers arc 

. operating with capacities of 450,000 pph. New 
bjoilers are "designed as large as 800,000 pph. Most 
cofnmonly, industrial wood- and bark-fired boilers 
range from 20,000 to 150,000 pph. 
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X CHARACTERISTICS OF FUELS FROM WOOD AND BARK RESIDUES 



Wood and bark prepared for firing a boiler are commonly refq^red to as hogged fuel. The term stems 
from the machine used to reduce the size of residues. The machine is called a hog. 

Hogged fuel is measured commonly in quantities of 200 cubic feet, called *'unlts/* In any given unit, 
characteristics of the fuel may vary substantially, A typical unit of fuel, however, may have the following 
characteristics (3): total weight = 3,650 pounds, dry weight - 2,190 pounds, water by weight = 40Vercent, 
heating value per dry pound = 9,840 Btu, hdating value per unit = 21,200,220 Btu, and ash content =1,88 
percent. 

Hogged fuel can be classified or characterized by species, size, moisture content, ultimate analyses, 
proximate analyses, and heating value. The influence of these parjameters is discussed in Chapter 4, and 
'their control is examined in Chapter 6, ' i 



Table 1, Approximate Range in Size and Moisture 
Content of Typical Components of Hogged Fuel (14) 





A 




Moisture 


Component 


Size 


range 


content 


; 


In. 


%• 


Bark 


1/32 


-4 • 


25-75 


Coarse wood residues 


1/32 


-4 


30-60 


Planer shavings 


1/32 


-1/2 • 


16-40^ 


Sawdust 


1/32 


-3/8 


25-40 


Sanderdust 


2m' 


-1/32 


2-8 


Reject '*Mat Furnish' 


lOu' 


-1/4 


4-8 



^ Small end of 
(One micron = 



range is measured in microns 
1 ,000,000 meter) . 
^From kiln dried to green. 



Species 

Many species of wood are available for hogged 
fuel. Some commonly used species in the Pacific 
Northwest include Douglas fir, true firs, alder, 
ponderosa pine, western hennilock, spruces, larch, 
cedars, and redwood. The differences between 
species that affect their efficiency as hogged fuel 
are' found in heating values and in material han^ 
•dling. 

"€edar bark is infamous as fuel because of 
problems with hogging and transporting. The bark 
is long aitd ''stringy** and difficult to reduce in size 
in a hog. It tends to plug feeder systems, wrap up 
in conveyors; and present difficult handling prob- 
lems. By comparison, most other commonly used 
species are less difficult to handle. 



Size 

The size of hogged fuel depends on the 
material that makes up the fuel. A typical sample 
of hogged fuel might include a combination of 
bark, coarse wood residues (slabs, trihmings, and 
endpieces), planer ^shavings, sawdust, sanderdust, 
and reject **mat furnish/* Each of these component 
parts has recognizable size characteristics (Table 1). 

Moisture Content 

There are two ways to describe the moisture 
content of fuel; the wet or **as is'* basis, and the 
dry basis. The wet basis is mor^ commonly used. 
For wet-basis determinations, the weight of mois* 
ture in fuel is divided by the total weight of fuel 
plus moisture, and the answer is expressed as a 
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percentage. Therefore, moisture content (wet 
basis) - (weiiilit ol moisture x IC)0)/(wcight oCdry 
* lucl + weight ot moisture). . 

The relation between moisture contents (MC) 
expressed on b wet and a dfy basis 'is found easily 
from the following equations: 

MC (wet) =100 X MC (dry)/(IOO*+ MC 
(dry) I. and 

M(* (dry) = 100 x MC (wet)/ (100 - MC 
(wet)l, 

where moisture content is expressed as a percent- 
age on either a wet or dry basis. The wet basis will 
be used in this worJ<. 

Moisture content i.-? signindant for two rea- 
sons, f-irst, it varies over a wide rynge of values 
and. therefore, makes control of the combustion 
process, difficult. I'or example, consider MCof the 
diffefent components of hogged fuel. Bark, coarse 
wood residue, and sawdust normally have a mois- 
ture range from 30 to 65 percent. The average 
value is around 45 percent. This is dependent, 
hov/'ver. upon Iho lime of year, the type of wood 
(s|)ccies), and the process used at a r^irticular mill. 
On (he other hand^ kiln-dried planer shavings, 
sanderdust. and some' rejected mat-furni.sh materi- 
als usually have low MC from 4 to 16 percent. 
Table I summarizes typiiuil MC for the normal 
components of hogged fuel. 

The second significant feature of moisture 
content is that it has negative heating value; that is, 
heat is needed to evaporate it. 



Ultimate Analyses ^ 

Ultimate analyses are used to determine the 
ehemieal composition of fuels. The primary com- 
ponents of hogged fuel include those shown in 
Table 2. Ultimate analyses point out three signifi-^ 
cant features of hogged fiiel. First, there is only a 
small variation from s^imple to Siimple, This is 
important in calculating and controlling excess air 
for combustion, ^ 

Second, hogged fuel has a high oxygen con- 
tent. This h significant because less oxygen has to 
be supplied from air to complete the combustion 
process. 

Third, the sulfur content 'of hogged fuel is so 
low that sulfur dioxrd* from combustion of hogged 
fuel does not present a risk of air pollution. 
Comhustiqn of sulfur-bearing coals or oil results in 
significant emissions of sulfa/ dioxide*. ; 

Proximate Analyses y 

Proximate analyses of fuels are used to 
determine the percentage of volatile material, fixed 
carbon, and ash. 

Some typical proximate analyses of wo;)d 
fuels are shown in Table 3. ^^pte the consiste«^ 
difference in volatile contertt of bark compared to 
that of sawdust, regardless of species except for 
cedar. In general, volatile content of wood Ws,. 10 
percent higher than that of bark. 

The a.sli content of wood residues is generally 
low, but still significant where large quantities are 



Table 2. Typical Ultijnato Analyses Data for Moi sture-I-ree Samples of 
llop.pcd lucl Bark. * 



Component 


Douglas 
fir (,1A) 


Western 
hemlock (14) 


Avg of 22 
samples* 


i 






% 


liy^drojicnj 
Cat-bo n / 
Oxyfien ' 
Nitrogen 

Ash (inorganics) 


6.2 

•V 53.0 

0.0 
' l.S 


5.8 ■ . 
51 .2 
39.2 
.0.1 

3.7 

m 


6.1 
SI. 6 
41.6 
0.1 
0,6 



'These samples were collected and analyzed by Weyerhaeuser Company. 
They were random samples of hogged fuel taken from various mill sites 
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Table S. Typical I'roxiiiialc Ana.lyses oi' M() i sturc'- l-rce Wood 
I'uols (H) . . 



Spucics 

. . ; J. L • 


Volatile 
matter 


Charcoal 


Ash 




% 










UAUK ■: 












Hemlock 


74 


.3^ , 


24 


.0 


1 .7 


Douglas fir, old j;rowth / 


.70 


.6 


27 


> ^ 


2.2 


Douglas fir, youn^^; growth 


73 


.0 


25 


.8 


1 .2 


(Irand fir 


74 


.9 


22 


.6 


2.5 


Win to fir * v 


73 


.4 


24 .0 


2.6 


Ponderosa .pine A 


73 


.4 


25 


. 


0.7 


Alder 


— .74 


.3 


^23 


. 3 


7 A 


Ucdwood 


71 


.3 


27 


.9 


0.8 


(A'dar bark 


8h 


. 7 


13 


.1 


()• 2 


SAWDUST 












lloinlock 


84 


.« 


1 


.0 


0.2 


Douijlas l ir 


Kb 


.2 


13 


.7 


0.1 


Whito fir 


84 


.4 


IS 


.1 


o.r 


I'ondcrosa pi tie 


87 


.0 


12 


.8 


0.2 


lUnlwood 


83 


.5 


1() 


.1 


0.4 


Ciodar 


-V 77 


.0-. 


21 


.0 


2.0' 



burned. The ash content of bark usually is greater 
than thai of wood. Handling and harvesting of logs 
tro(|uently causes dirt and siind to cling to the 
bark. vSaltwater storage and transport of logs also 
can add to the ash content of fuel by c^positing 
sea siilt in the wood or bark. 

Heating Value 

The heating value of hogged fuel is dependent 
upon two components of fuel, fiber and resin (4). 
Wood fibqr has a heat value of about 8,300 Btu per 
pound. Resin has a heating value of 1 6,900 Btu per 
pound. Woods with more resin, therefore, have 
higher heating values than those with low resin 
contents. 

Bark geherally has more resin than is in wood. 
Softwood bark generally has more resin than 



hardwood bark. Some typical Ueating values are 
shown in Table 4. ' 



Ta^le 4. Typical Heating Values in 
Bty's Per Pound for Moisture^l-ree Bark 
and Wood (8) . 



Species 


Keating value 


Wood 


Bark 


Douglas fir 


9,200. 


1 0 , 1 00 


DoOglas fir 


8,800 


1 0 , 1 00 


Western h9mlock 


8 ,500 


9,800 


Ponderosa pine 


• 9,100 




Western redcednr 


9,700 


8,700 


Red alder 


8,000 


8,410 



3. PRINCIPLES OF ^COMBUSTION 



When wpod' blirns» it un^Jcrgoes a complex process called combustion that includes both pi^y^i^^^^^^^^^ 
\hemicar reactions. These will be examined as we define the pharacteristics of combustion. ' ' 

Characteristics of Combustion contacts the appropriate number of molecules •of'^;; 

Combusfion is both iin oxidation and a oxygen, a chemical reaction Can pccur between 

reductio'n process in which the fuel is oxidized by fuel and oxygen. But in the burning of charcx)al: ^ 

oxygen from , the air and fhe oxygen in the air is briquets, oxygen can reagh the surfacp of'ithe '.f^^^^^ 

reduced by the constituents of the fuel. Wc ; and cause it to glow as combustion occurs, ^ V ' 

recogni/.e. that to burn hogged fuel, oxygen from Combustion is a complex of both physical 

the air, is" necessary. and chemical reactions!. Steps in the byrning/of ; 

The concentration of oxygen available for hogged fuel are: » : 

combustioiV is important in controlling wie rate of ^ * ! ; l i 

burning.' If pure pxygen is fed into a mrnace, the Dehydratibn, a physical process, in which fuel 

material will b'e consumed much more rajjfidly than ;! is heated to the point where the water 

with normal air. This seldom concerns the opera- ^ ■ ■ evaporates; evaporation, a physical process, in 

tion of hogged-fuel boilers, excfept- in thos<j few^ which volatile components of the wood are • 

installations where primary' or. secondary air is * heated, usually between 200 F dnd l/lOGF, 

recirculated from a pombustion-HJxhaust system. thitil they change from the solid into the 

Then oxygen concentration is reduced, which gaseous phase; pyrolysis, a chemical decompo- , 

slows the rate of combustion or the rate at which sition of the original molecules into other 

the wood burns. molecular species because of high tempera- ! 

Combustion is an exothermic process that tJre; m^ing of fiicr molecules y/ith oxygen; 

emits or releases heat* The amount of heat emitted molecules, a physical process that occurs as = 

as a fu'el is burned car^ be determined precisely. For soon as the fuel is evaporated and comes into 

example, heat released fr^^m combustion of contact with the combustion air; and pxirfa^ • 

DouglasTir bark (Table 4) is about 10,100 Btu per tion and reductipn, a process of chemical 

pound of dry material. ' ' reaction in which original reactants diiiappear 

Combustion is a rapid process. Oxidation of to form neW\chem|cal substances and heiit . 

materials can occur over a wide range of rates. At and light are emitted. 

one extreme is the oxidation of paint on your Light, which usually is emitted in the combus- 

automobile.- Normally, this is a slow process that tion process, is dependent upon the type of fuel 

occurs over many months. Comparatively speaking, that is used; Most fuels will burn with visible flame* 

oxidation in the combustion of hogged fuel is A hydrogen flame is not easily visible^ however, A 

rapid. Pcpending upon the size of the furnace, ' flame from wood fuels is always apparent during 

many tons of fuel can be consumed in an hour. ^ combustion. y 

Combustion occurs in the g9seoils phase. Combustion is a free raHioil reaction,. In the 

Matf^ can exi$t as a solid, a liquid, or a gas. For two processes, pyrolysis and oxidation-redtictiori, 

most fuels, combustion cap occur only when they the molecules of fuel are thought to break apart to 

are in the gaseous form. The impbrtaht exception . form independent, chjurged ions, referred to as 

to this i;^ carbon, which can burn in the solid phase, ^^free rddicSils/* Although this characteristic is 

In combustion, fuels are heated to a tempera- sigriificant in the control of some combustion 

ture high enough to drive off the water in the fuel processes, it Is jrtot iinportant to of 

as watei^ vapor, to decompose the fuel, and to wood and Mrk resiiiues. 

evaporate t)ie volatile component of the fu^L As a A. summary statement might be that cK)tl1bu9* 

gas, fuel can mix thoroughly with gaseous mole- tion is a complex physicalH^hemical reaction thiit 

cuies of oxygen in the air< As each molecMle of fuel occurs primajrily in the guseous phase. 
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V 1^1, i.(v.'. ii.'l;'- •.'(■y 

ill; ^ •:::r/-i,"« :'- ;'^^^ » ' 

-1: ''i^'' CombMsJion PrbctffV '\ gen normally arc (bum! in nature as two atoms lluit 

.••^•t^i/V'i?';}. rS'tV^ 'orni a molecule oC the substance. 
I^^SI^Sfe > i A^&f^^?'''''?^'''^. ''^ cijnj^e vic^jii^as twol,; (The concept of a "pound mole" is helpful in 

(X)rnbustjon*'w; quantifying chemical reactions A pound mole of a 

'r.Wi.th'tf)^.y^-^ substance is the samp as the molecular weight of 

V< t'i^ substance, expressed in pounds. For example, 

■ V 'y-' ^'•■■■oi I . * - . ■ ^i;" = "' i " I- P"^'"'^.'"^'*^ of carbon is 12 pounds of carbon A 

'•:Vv??':;rrv;:»^>!i> ::r:\Sei;9lH»-,. mole of oxygen is 32 pounds of oxygen' A 

mMm^'^m'lf.^^^^ " V^.^ '^S-.^ .P^'t -'^ '^y^i-gen is 2%unds of hydfo^e' 

/,.;V.rwcV;rv:' ,^l J.2;.:;.- \ Hound moles have. two important features. 

>;.r'';V-'-' i'-''''^^^ chemicals undergo chemical reactions 

: and-A^^icii^traie^lvow ,niUeh ... the proportions of materials in the reaction usually 

:fe'V' • v-^; V^V?"^^^";^ ' <° 4>rtng.nTe-.rei,ctio;iis- to.;- rare expressed simpty in terms of pound moles For 

^<^^%l!"s;>.«J.?5^UI iiUroduce the ' ..example, when carbon combines with oxygen to 
X';''- ' ! ' ^uVi^^V^:<m^>[i oh-excess aj? ajld dJscuss.(t«.nleasMfe-m0int. • ,form carbon dioxide" ' 
''•..' — .■;••,■..■.•.■■/;.,>:'■. .; ' ■ I," .-' . 1 2 + 32 44 

CO,. 

s of carbon combine with 32 pounds of 
I form 44 pounds of carbon dioxide. In 
-vJ;r'i*;''i"' '""''^?H" .' •' T. — J"^,""^ S'V^V>'> . pound moles, I pound mole of carbon 

..' •( ■h^ or sfidkim .downNo their. ..: combines with I pound mole of oxygen to give I 

\'yy^»»^piK f^ (md atpnis:-^ ; * , ■•^•V-- . Ipound mole of carbon dioxide 

, ■ Moleculc<>,.consist;.;-b^^^^ As a second example, when hydrogen com- 

f . Some inolc'cules cbn^^ same kind of atoms,;^ bines with oxygen to form water (H,0) 

, /some of different ; kinds o.^atom^.tOxygen, as we' * * 2(2) + 32 2(18) 
• knoAv it in '^air, is in Vpiolecuiac for^■■of two. atoms . 4 + 32 36 
. ,; ;:.of oxygiin,^ ^2Hj +0j * 2(H,0) 

dioxide molecules, COj , have.pno' a\om of cafb<Mi.(/' •4ydunds of hydrogen combine with-32 pounds of 
. and^lwo atoms ot.o^^^^^ ^V-;'.. . , . -^/oxygen to form 36 pounds of water. As pound 

. ,.,,An import^ . \ ^^^^^ moles of hydrogen plus' I pound 

hey have weight. ,t(5ferre<t ta^as^ a ton). c. weight: '..molc^of oxygen give 2 pound moles of water To 
Carbon :,:,at^oms alway? h^^^ same .relative^ •♦■'Express the amounts of materials in a reaction by 
weight which ,^quals:.* J 2 -the ^atomic weights^of: t^'e simplfc numbers of pound moles is helpful 
',rholecules and others are importantJn. A second important feature of pound moles is 

, the^combu.t,oh Of hpgged f|lel are ^listed,, t^Tablt; - that fortgases, a pound tnoie always takes up the 
.5. .Materials sych as hydrogen,- oxygen, ahd-mitro-.. .t.same volUme under standa^onditions of temper- 

r "'y-iV. ;''/able^,^. Atom;iC/arid Mpiecula'r Weights of Typical Elements 
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aturc and pressure. Otic pound mole ol oxygen 
occupies a volume of 359 standard cubic feet 
(SCh ). One pound mole of hydrogen also occupies 
359 cubic feet. Similarly, one pound mole of 
nitrogen (N) (28 actual pounds) takes up 359 cubic 
feet under standard conditions of temperature and 
pressure, defined as 32 F and 29.92 inches of 
mercury (or 14.7 pounds per square inch absolute) 
in this instance. This information helps to de- 
termine the volume of oxygen required to burn a 
given weight of hogged fuyfe It also helps in 
determining the volume of air required to obtain 
oxygen for combustion. * 

Combustion of Wood 

Let us look at the combustion of hogged fuel 
from a chemical-analysis viewpoint. Under the 
section in Chapter 2 on ultimate analyses of 
hogged fuel, we found little variation in the 
chemiad: composition of samples of hoggfed fuel. 
Table 2 lists data from typical analyses by weight 
as hydrogen, 6.1; airbon, 51.6; oxygen, 41.6; 
nitrogen, 0.1 ; and ash, 0,6 percent. 
^ To relate this information to a pracli^cal 
example, consider that you have 100 pounds of 
dry hogged fuel with these chemical proportions* 
Water in hogged fuel does not undergo any 
chemical change in the combustion process. It 
simply becomes water vapor. Now, we can look at 
the fuel in terms of the pounds of different 
chemical substances in if. For example; 100 
pounds of dry hogged fuel equals 51.6 pounds of 
airbon, 6.1 pounds of hydrogen, 41.6 pounds of 
oxygen, 0.1 pound of nitrogen, and 0.6 pound of 
ash. ' / 

Next, we convert these pound rncasurements 
of the chemical constituents into po/und moles of 
the different parts of the hogged fiftel. For exam- 
ple, I pound mole of carbon weighs 12 pounds. 
The 100-pound sample^of hogged fuel contains 
51.6 pounds of carbon which, at 12 pounds per 
pound mole, equal 4.3 pound malcsrThre 6. 1 
pounds of hydrogen, at 2 pounds p(Mr pound mole, 
equal 3,05 pound moles. And the 41.6 pounds of 
oxygen, at 32 pounds per ppund mole^ equal 1.3 
pound moles. , / 

As nitrogen ai^d ash do not participate in the 
combustion process to anv great extent, they will 
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not be considered here. A summary ol the pound 
moles of material found in 100 pounds of dry 
hogged fuel is shown in Table 6. . 

Table 6. Partial Suijmiary of the 
V Amount of Elements l-0und in 100 
Pounds of Dry Hogged^Fucl . 



lilcmcnt 



Amount 



Carbon 

llydroj^;un 

Oxygen 



SI .6 
() .1 



Pound moles 

4 .3 
3.0 
1.3 



Two basic reactions occur in the combustion 
of hogged fuel. 

C + O^-^COa ) 
2(H,) + 0, ^ 2(H,0). 2 
In tlie first reaction, I pound mole of uirbon 
combines with 1 pound mole of oxygen to form 1 
pound mole of carbon dioxide. In Our example of 
100 pounds of hogged fuel, there are 4.3 pound' 
moles of carbon. Therefore, to burn this to* 
completion would* require 4 J pound moles of 
oxygen. 

In the second reaction, I pound mole of 
oxygen is required to burn thie 2 pound moles of 
hydrogen, as seen in equation 2. Therefore, to burn 
the 3 pound moles of hydrogen in 100 pounds ol ^ '- 
hogged fuel will require 1.5 pound moles ol. 
oxygen. . 

To burn 4.3 pound moles of carboi\Vrfcquires^ 
4.3 pound moles of oxygen. ♦ V . ; 

To burn, 3.0 pound moles of hydrogen rc^:* . 
quires ,1 .5 pound moles of oxygen. . • 

Total oxygen required is 5.8 pcijunS'mole^. 

A 100-pound sample of hogged fuel contains 
1.3 pound moles of oxygen as,. part 'of the, 
molecular structure of the fyCl l^fable 6)^. This 
oxygen is available for participation in the combus« 

tionprocess. ---^i-^J-T -^^U'w^y 

Total oxygen required fiiel is $.8 :v^^^ \ ,|;^ff; 

pound moles. A 1 ^: 

Oxygen available frpm thp J()^* USfc|f *^ J;*? ^ ^ ^ ' i f 

pound moles. ^ , ' ' ^rr;-<W^ ' ' 

Oxygen that must l^^-^upplfed fr9m;air is 4,5 ;i 
pound mq)es. j, ; \ 
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^ ' Wc can readily conyerl this amoi^t back into 
terms that arc easier tA visuanze. Recall that I 
pound mole of any gas takes up exactly 359 cubic 
feet under standard conditions Of temperature and 
pressure. Thus, 4.5 pound moles of oxygen would 
occupy 1,616 standard cubic feet (359 x 4.5 = 
1,616). As oxygen is roughly 21 percent of the 
volume of air, the total volume of air required for 
combustion of 100 pounds of hogged fuel is . " 
1,616 x100/21 = 7,695 SCF of air. 
This i.s equal to 617 pounds of air required 

'^)er 10.0 pounds of fuel. 

Excess Air ' • 

Wc have ^ecn the cxaci amount of air tHat is 
rixjuired tp^^^^ 100 pounds Of Hogged fuel, ^n a n 

nictlial situation^ however, some, excess air is re- 
quired for two reasons. First, fof combustion to 
occur, each molecule of gaseous fuel must come 
into physical contact with, one or more molecules 

/of oxygen. To inaure this/a few extra molecules of 

■ oxygen, must be supplied, thus tncreasing the 
probiJiljihty of contact the nooleculesv Second, in 

'Sbnie furnace designsV* excess air is necessary to 
assifit in c^rying the wet fuel enough for-combustion 

^ to occur and to properly: jdSsperse the fuel on the 
grates. • , ; 

- .,.liXcess air normally is expressed ^s^ percent- 
age' of the amount that must be supplied to. ^r)eet 
exactly the .reqjuirements'for combustion^ In tKe 
.example,of burning 100 pounds of hoggedTuel. we 
;/;6und''that 7,69.5 SCF of^air were required. This 
can be a basis for determining excess* air 



percent excess air, we' 0d'on 25 percent of 7,695 

'scK^or ^ "^y- ^ 

(1 +0.25) X 7,695 ;^ 9,619 SCF^ 

In the same manner, we can derermine the air 
requirement under conditions of 50, 100, and I5p 
percent excess^ir (Table 7), 

The effects of excess air on combustion will 
be discussed later. Fqr the present, we must be 
.awa\of the magnitude of tVe airflow for different 
percentages of excess air Each 100 pounds of dry 
hogged/ fuel burned requires more than 1,200 
pouMs of air at 1 00 percent excess air. Currently, 
ma'ny hogged fuel boilers operate in the range of 
150 percent excess air 'and are using over 1 ,50Q 
pounds of air per 100 pounds of hogged Juel 
burned. ^ 

PriiViary Products of Combustion 

Referring back to Equation I, we found that 
carbon in fuel combines with oxygen to form 
carbon dioxide. , 

c + 0, =^ c:o, I 

One pound mole of carbon dioxide is formed 
for each pound mole of carbon and oxygen, and 
one hundred pouftds of hogged fuel contain 4.3 
pound-moles of carbon. Therefore ,''the combustion 
products will include 4,3 pound moles of carbon 
dioxide. * v ^ 

•. Now, consider the -components of the com- 
bustion products caused by excess ^air If the 
jfrocess incjyded no excess^air, no oxygen would be 
in the flue gases. If, however, excess air is provided, 
the flue gases will contain the exccj^ oxygen that 
was not used in the comblistion process. For 



For 

example, to calcul^e the air requirement at 25 

Table 7,, Summary of the Combustion Air Require- 
menti to Bu^^n 100 P6unds of Dry Hogged* Fuel with 
i'lVarious Percentages of Excess Air;/ 



Exce;ss 


Multiplying 
factor 


Volume 
of air 


Weight 
of air 




r) ■■■■■■ 
t i ' 


SCF* 


, Pounds 




\ ' 1 


7,695 




,25 


..:.1.2'5i 


•, 9,619 


771- ■ 


50 , 1.. ■.! 


' 1.50 


11,^3 


/^^926 


.100 • i 


2.00 ; 


15,390 


. 1,234 


'ISO 


^ ,2.50 


•19,238 

-r' L- "', 'l 


■■'.1,543- ■ 

m 1 



SCF :! standard cubic f eet . 



cxample,,if '25 percent excess , air is addedHo the 
basic air requirement of 7,695 SGF, it i$ increased 
by 1,924 SCF of air. This makes a total 0^ 9,6 14 
SCF (Table 7). When the additional 1,9^4 SCF are 
added, 2J percent of it is oxygen, Therefore, 0.21 
X 1 ,924 = 404 SCF of oxygen added, but not used 
in combustion, In terms Of pound moles, this is 
equrvalent to , , 

404/359 = 1.13 pound molos. ' 

Therefore, the flue gases for the conditten of 
25 percent excess air will contain 1.13 pound 
moles of oxygen per 100 pounds of fuel burned. 

The same approach can, be used to determine 
the oxygen content' of flue gases fqr other percent- 
ages of excess air (Tabic 8). 

The last component of the flue gases that wilt 
be considered is the nitrogen content. Recall that 
roughly 79 percent of air is nitrogen. This does not 
undergo any significant chemical reactions in the 
combuijtion of hogged fuel. Therefore, nitrogen 
that enters the process wiir leave the processes 
nitrogen. 

As with oxygen, the amount of nitrogen 
entering the process is partially dependent upon 
the amount of excess air introduced. For the 
conditions of no excess air, 7,695 SCF of air were 
required to burn 100 pounds of hogged fuel, 
Seventy-nine percent of ^his amount is nitrogefi, or 
0.79 X 7,695 = 6,079 SCF. ' \ 
In pound moles, this represents. \ 
6.079 SCF/359 SCF per pound. moltj = 16,9' 
pound moles of nitrogen. 

Table 



=With 25 percent (^xcess^m^^ SCF of air 
was requii^ed (T^lble 1^), Sevcniy-nHie percent of 
thj^'or' ; " . ■ '•• ■ / 

0,79 X 9,619 «^ 7,599 S<^^^^ . / 
jis nitrogen. In pound moles, this represents 
' / 7,599 SCF/359 SCF per PQUnd mole - 21.2 
pound moles of nitrogein.* i ■ 
i Table^. 9 summarizes .the pound jtioles of 
nitrogen for various amopnts of excess w^iSed to 
burn 100 pounds of hogged fuel. 

With the information in Tables 8 an(J.9, we 
now can analyze the ma/or constituent^ of dry flue 
gases in the combkistion of hogged fuel. With no; 
excess air, we find the followfng combustion 
products: * 



Carbon dioxide 
Oxygen ' " 
Nitrogen 
Total products 

In percentages: 
Carbon dioxide 



Oxygen 
Nitrogen 



= 4.3 pound moles, 
^ 0 pound moles (Table 7), " 
r 16,9 pound riiolcs (Tabic 8), and 
^ 2 1 .2 pound moles. ; . 



= 4.3/21.2 X 100 

= 20,3 percent of total dry flue gas, 
= 0/21.2x100 

0 percent of total dry flue gas, 
= 16.9/2I;2 X 100 . Vf; 
" 79,7 pQrccn| pf total dry flue gas. f 



With no excess air, the combustion gases 
would have 20.3 percent carbon dioxide, This can 
be measured directly with' an Orgat Flu^ Gas 
Analyzer. - ■ . 



8. Summary of Oxygen Contents of F'lue Gases for 
Various [Percentages of Excess Air to Burn 100 Pounds of Pry" 
Hogged Fuel * ' . ' 







Air in 


Oxygen 


Oxygen' . 




Excess 


Volume 


^ excess 


in exces3 


in f iue' 




air 


of air 


of base 


of base' 


gas / ^ 




% 






SCF^ 

• * 


Pound wdles 


/ ■. " 

■ '. ' 


0 


7,695 


' ,0 




0 ■ : 


• . !' ' • ' ./ 


25 


9,619 , 


1,924 


^404 






SO 


11,543 


3,8^18 


808 


2.2-5 




100 


. 15,390 


7,695 


1 ;616 . ' 


4. SO 




150 


19.238 * 


11,543 


2 ,424 * 


6.75 





^SGF : stand?ir4r cubic^ f^et . 
^Surp'jfus 0Y,er 'base requirement , 



l;il)lo 9. 

\U- tu'l^iirn 100 I'oiinils of Dry lloggecJ I-uel. 



Suintniiry of t\w Nitroj-en Content of 
I liu' iS^i^os foi- Various Porconta);os of Rxcess 



I'.xcess 
;i i r 


Total 
air 


Nitrogen 


— , — ' 

Nitrogen 


'U 


SCF^ 


SCF ^ 


Pound moles 


■' 0 


7,095 


6,079 


16.9 


2S 


9,619 


7,599 


21.2 


50 


11 ,543 


9,119 


.25.4 


100 


15,390 


12,158 


: 33.9 


150 


19,238 


15,198 


42.3 

t 



Standard cubic feet 
Willi percent ol excess air, we liiul lluit 



(\iibnn iliOMile 

Niriogen 
Total 

111 percc'iKaj^os 

( «id.M>n dioxuie 
* • ♦ 

( )\>}'OII 



= A J |)oiiii(J iiu)lcs. 

^ l.l.^ poiinil moles (Tabic 7), 

= ;i .2 poiincl moles (Table 8). and the 

~ tbXi} poiiiid moles. 



-4..V2(>,6.< X 100 

" 16.1 percent of total due gas. 

I.I.V2(>.().? X 100 

A.l pcrceni ol total nue gas. and 
= 21.2/26.6.3 X 100 
= 79,6 |)crcent of total flue gas, 



. , In this t'x;irnplc. Ihc combustion ga.scs would 
Mulicatc 16. 1 percent carbon dioxide. By going 
(liroiigli these calculations for each percentage of 
excess air. we can develop the values in Table 10. 

I'he v;i,lues of carbon dioxide' and oxygen 
shown in l ahk' '10 can he plotted again.st the 
poiceni.iiie ol excess air (|-igure 5). This plot and 
data Irom a -Hue gas analysis fof either carbon 
dioxide or oxygen allow you to read the percent- 
age ol" exce.s.s air im^iediatcly. Data on both gases 
are not necessary, bi/t may jielp as a check on 
accuracy of the Hue gas analy.sis. 

The water-vapor conttint of the flue gases is 
hot c/)nsidercd in the analy5i<{ because, in most flue 
gas analyzers, the gas sample 'is cooled before 
actual analysis for constituents, which condenses 
the water vapor and removes it from the sample. 



Thus, the analysis is made on only the nonwater 
con.stituents of the gas. Data in Table 10 and 
; Figure 6 are calculated o^ a dry basis. 

The actual water-vapor content, measured in 
Hue gases from hogged , fuel boilers, ranges from 
about 6 to 24 percent by volume. For hogged fuel 
who.se average moisture content is from 45 to 50 
percent by weight, the water-vapor content of the 
Hue gas will be about 16 percent by volume under 
stack cx)nditions. Thi.s value varies with moisture 
content in the fuel, relative humidity of the air, 
and percentage excpss air. If a wet scrubber is 
installed to control particulate emissions from the 



Tablc^lO. Composition -of Dry Combustion 
Gases for Var.ious Percentages of Excess 
Air. 



nxcdss 


Carbon 




y 


air 


■ dioxide 


Oxygen 


Nitrogen 


% 


% 


% 


* 


0 


20.3 


0 


79.7 


25 


16.1 V- , 


' > .4.2 


79.6 


50 


13,5 


7.0 


79.5 


100 


10.1 


10. 


79.4 


150 


8.1 

— : 


■12.7 


79.3 



For combustion 'of wood and bark, the 
theoretical sum of carbon dioxide and 
oxygen should be 20-21% of the dry com- 
bustion gases. 



63 




6 8 10 12 (4 _ 16 

C02 OR O2 IN FLUE GAS, PERCENT 

Figure 5. ;R(^latio)/i of excess air to percentage of 
oxygen and carb0n dioxide in flue gases. 

hoilcr, water-vapor content in the gas; downstream 
from the scrubber, will increase. 

Other Products of Combustion 

The foregoing discussion deals only with the 
primacy constituents of flue gases (carbon dioxide, 
oxygen, nitrogen, and water vapor). These usually 
make up 98-99 percent of the total material 
cnuttcd from the combustion process. Othw* mate- 
rials* are emflted, however (Table 1 1 ), which can be 
categorized as gaseous or particulate. The term 
**ga$eous'' is self explanatory. The term ]^*particu- 
late" is somewhat misleading. The Federal Govern- 
ment and most jftate regulatory agencies define 
particulate as any material that e^cists either in the 
liquid or^ solid state under conditions of 29.92 
inches of mercury (standard atmospheric pressure) 
and 70 f^. With this definition, some materials that 
exist as gases at the higher stack temperatures 
(from 400 to 750 F) may oondfnse to form liquids 
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Figure 6. Relation of heat loss to moisture^contcnt 
of Douglas-fir bark. 



or solids at lower tcmpcniturcs. IhJs hcNLOin'cs 
important with regard to air-pollution emissions, 
because most boilers have limitations on the 
concentrations or amounts of partidjiate material 
that can be emitted to the atmospliore. Measure- 
ment and control methods for t/articulate emis- 
sions arc discussed in chapters 5 tWrough 8. 

Sunynary of Reactants and Products of 
Combustion 

Table 12 summarizes the data concerning the 
amount of air used in the combustion of 100 
pounds of dry hogged fuel. It also lists the volumes 
of the gaseous products of combustion for various 
amounts of ejccess air. Note that under standard 
conditions of temperature and pressure, there is 
little difference in the volumes of gases that enter 
and leave the process. At highelr stack /tempera- 
tures, However, the exhaust gase^|^xj|)and and 
become substantially greater in volunV/*^ 



Table 11. Sununary of Materials formally Found in Flue Gases, 
from Combustion ot* Hdggod Fuel, * ' . ; 



Gases 



Particulate material 



Nitrogen 

etirK dioxide V98-99%, . 
Oxygen J of total 

Water vapor 
Carbon mono^fide 
Unburned hydrocarbons^ 
Sulfur dioxide 
Oxides of. nitrogen (NO1NO2) 
Inert gases ^ ' ' 



Inorganic flyash 
Fixed carbon 

Traces of metals iand salts 



Hiigh-molecular -weight hydrdearbon? may be considered gts' parV 
ticulate matter if they can exist as liquids or solids at 
ambient pressures and temperatures; 



Table 12* Air Requirements and Products of Combustion I^rmed in Burn- 
ing 100 Pounds of Dry Hog^6d' Fuel with Various Amounts of Excess. Air, 



lixcess air 


\ " 

Total air 
input 


Weight 

* 

air input 


Volume of combustion products 


Dry basis 


Actual basf's^ 

* 

^ — — i ■ — ■■■ 






Pounds 


. 5CF* 


, , • . SCF^ ■ 


•0 


■ 7,6,95 


617 


7,611^' 


■ 19,521 


25 


9,619 • ■ 


711 ' 


. -9,560 


• 241520 


50 ♦ 


11,54-3 


926 


11,470 


-29|419 


100 


15,390 


1,234—^ 


i5.,329\ . 


39J317 


150 


19,238 


1,543 


• 19,153 ' 


49I125 



^Standard cubic feet* 

^At stack conditions assumed to be 600 F and 16% moisture contient; 



The information in Table 12 was developed 
from the average ultimate analysis pf 22 samples of 
hogged fuel. It may differ slightly for fuels whose 
ultimate analysis is not the same as that indicated 
in Table 2. It differs substantially for the combus- 



tion of coal, oil, gas, or other fo tsil fuels. 
/ An impor^nt feature of Table 12 is that it 
indicates the influence of exobss air on gas vol- 
umes. A detailed discussion of (he effects of excess 
air is provided in Chapter 4. < 



' , 4. FACTORS AFFECTING THE COMBUSTION or HOGGED FUEL 

)Vfc can categorize the factors affecting CQ|pplete combustion into three groups Fuel relatei^, air 
related, gnd others* Many of these factors are interrelated. 



Fuel-Related Factors v- 

iSome of the characteristics of hogged fuel, 
such as size, moisture content, ultimate analysis, 
proximate analysis, and , heating value, were dis- 
cussed in Chapter 2. Each of these factors influ- 
ences the combustion process. 

Size 

The combustion process is a gaseous-phase 
reaction (Chapter 3). About 75-85 percent of 
wooxl fuels is volatile and must burn in the gaseous 
s^te. This requires proper conditions for evapora- 
tion of the fuel. The size of fuel particles directly 
affects their ability to evaporate. The smaller the 
pieces, the more rapidly their volatile components 
will vaporize and bum* Large pieces have reduced 
surface area available for evaporation to occur. 
Furthermore, large pieces of wood ten^ to insulate 
their interior parts, so more time is required for the 
volatile material (|) become sufficiently hot to 
vaporize. 

The amount of suj^face area available for 
evaporation is represented by the ratio of the 
surfac^ area to volume. Table 1 3- shows the 



approximate ratio of surface area to volume for 
;each major component of hogged fuel. 

Moisture Content 

Moisture content of fuel directly affects the 
rate at which fuel can evaporate to the gaseous- 
state. Recall the first step in the combustion 
process— evapo^tion of water from the fuel. If the 
rnoisture contends high, tliis process takes a long, 
time and requires \ significant amount of en^gy;^ 
For dry wood fuels/^vaporation of volatile mate-' 
rial takes place imme^^tely, so the combustion 
process is rapid, ^ ' 

Table 13 lists typical, moisture contents for 
the major components of hocged fue) and the 
combined relative effect of fuel size and moisture 
content on the rate of combustion, The last 
column of Table 13 is a relatwe scale only. It 
should not be interpreted to! mean that dry 
sanderdust will burn exactly 100 times faster than 
wet bark. It does indicate, however, that the actual 
rate at which sanderdust burns is considerably 
greater than the rate for wet bark. ^ 

Time variations in moisture content may 
make control of the combustion process difficult, 

'% * ■ 



Table 13, Typical Moisture Contents > Relative Ratios of 

Surface Area to Volume, and Their Combined Relative 

Effect on the Ratfe of Combustion of Wood and Bark Residues. 



- ■ — . ■ — • t — .. - ■ . -..f*. 




Relative 


Relative 




Typical 


ratio , 


effect on 




moisture 


surface 


rate of 


Residue 


content- 


to volume 


combustion 



Percent 



Bark | 


45 


1 


2 


Coarsewood 


45 


1 


2 


Planer shavingd» kiln-^iry 


16 


5 


30 


Planer shavjLngs , green 


40 


5 


12 


Sawdust ' 


35 


6 


17 


Sanderdust ' 


S 


10 


200 


kfeject mat furnish 


& 


8 


130 



'•• ''-^\. •-. / :-. \ 

1*01 example, il the lorcedr and ind'uced-draft 
systems are adjusted tor good combustion of 
moderately wet fuei (that is, 45 percent MC) and 
suddenly a load ol dry fuel is sent to the 
combustion chamber, the rate of combustion 
increases rapidly. In most boilbrs, the result is an 
immediate 'deficiency of oxygen and generation of 
unburned carbon particles that cause a black 
exhaust plume. The reverse situation also can 
occur. If dry fuel is burned with proper amounts of 
excess air, and the moisture content suddenly 
increases to a high level, the rate of combystidn 
•■ will decrease rapidly. Under these circumstances, 
the excess air may exceed reasonable lir/iits until 
• adjustments in the fuel-air ratio can be made. 

As noted earlier, moisture content of fuel is 
significant because it has a negative htjrS|L value- 
that is; heat is jieeded to evaporate,g|^gure 6 
~ shows the heat loss from a range of Jlj|pTioisture 
contents for Douglas-fir bark. About □ percent of 
.the total heat in the fuel is'' required for moisture 
eyaporatjon at 50 percent moisture content; about 
26 percent. of the fuel heat is ^needed at a fuel 
moisture content of 67 percent. 
\ ^"'y "^."es increasing the-nioisture «ontent 

of fuel increase heat losses and, thci-eby, reduce 
^ overall efficiency, but it also retards combustion, 
lowerylame temperatures, and reduces the rates of 
steamleneration. When the fuel moisture content 
rcaclTes a range of 6'4-70 percent, a stable fire 
cannot be maintained unless auxiliary fuel is added 
to help drive off the water. In addition, water in 
the fuel evaporates to roughly 5,700 times its 
liquid volume in the furnace. The effect is to 
increase- the gas velocity through the combustion 
/.one. which reduces residence time for combus- 
tion, increases particle carryover into the h^t 
exchanger section, and' increases the size iequire- 
nients of gas-cleanirig equipment on the boiler. 
Clearly, an advantage can be gained by limiting the 
moi.sture content of hogged fuel. In redognition of 
this, several plants in the Northwest are installing 
fuel-drying systems as part' of their emission 
control packages. 

These variations in moisture content and size 
bring up an important feature of feeder systems for 
hogged fuel. Most fuel-feed systems are controlled 
on a bulk-volume basis. That is. they are designed 
to vary only the volumetric flow rate of the fuel. 



ERIC 



The relation between tliju volume of the fuel and its 
htJat content is less constant for hogged fuel than 
for other fuels. Therefore, attempting to control 
the combustion process through controlling airflow 
rate and bulk-feed rate is difficult. A more ideal 
system would be to measure and control heat flow 
into the furnace along with airflow into the 
furnace. Tlien, when a slug load of planer shavings 
comes to the furnace, the system could detect its 
proportionately higli heat content and control the 
rate of fuel feed accordingly. At the same time, 
coi?rections coyld be made to the airflow to 
maintain a reasonable range of excess air for 
combustion. Uirfortunately, instantaneous, contin- 
uous Btu analyzers are not now available for 
hoggfid fuel analyses. Therefore, the next best 
solution is to mix the fuel thoroughly so as to 
stabilize, as much as possible, the size and moisture 
content of the fuel. 

U^imate Analysis 

The data obtained from an ultimate analysis 
of a fuel sample determine the amount of air 
required to. burn the fuel completely. In Chapter 2, 
the ultinfate analysis data werp used to calculate 
that stoichiometric combustion of 100 pounds of 
hogged fuel requires 617 pounds of air. Also, the 
ultimate analysis data made it possible to deter- 
mine the composition of the products of combus- 
■*fion for different amounts of excess air. Thus, by 
jrieasuring the percentage of/ carbon dioxide or '. 
6xygen in the dry Rue g^, it is possible to 
detenmine the percentage of excess air directly. 

There is substantial difference in the composi- 
tion of various fuels, such as natural gas, coal, oil, 
and wood. Therefore, for each of these fuels the 
stoichiortietriiE/. ratios of air to fuel wilf^ vary 
substantially: |Vifith knowledge of the ultimate 
analysis of a tuel, we can make combustion 
calculations for that fuel and; thereby, determine 
the relations between flue-gas composition . and 
percentage of excess air. This is one of seve^l 
critical' parameters in controlling the combustion 

process. ,i 

.7 » 

Proximate Analysis ' 

Projoimate analysis provides information on 
percentages of volatile materia^, fixed carbon, and 
ash in tht fuel sample. The percentage of volatile 
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material (the part of the fuel that vaporizes to 
form a gas when it is heated to a high temperature) 
has an important bearing on combustion of the 
fuel, Except for carbon, all fuels commonly used in 
boilers must evaporate beforc'they can burn. When 
they are in the gaseous statg, they can mix with 
oxygen from' the air and go through the process of 
combustion. Carbon can burn in the solid state, as 
is seen in the combustion of charcoaf briquets. 

By knowing the percentage of volatile mate- 
rial in a fuel sample, we can estimate the rate of 
combustion for the fuel. Fuels higli in fixed carbon 
will burn at a slow rate. Therefore, they will 
require longer residence time in the furnace for 
complete combusHiorl than fuels with a high 
percentage of volatile Tnaterial, Roughly, from 75 
to .85 peijcent of hogged fuel is considered to be 
volatile (Table 3). ' . ' 

The ash content of fuels, as determined by 
proximate'ar^alysis is significant for several reasons, 
l-irst, ash does not burn, ft plugs the air passages 
on grates and in the heat exchange sections. The 
ash that does not stay in the boiler is carried out 
by the exhaust gases and acts as an air pollutant. 
As an example of the quantities, consider a boiler 
that burns. 9 units of hogged fuel per hour to make 
100.000 pounds per hour of steam. The ash going 
into the boiler amounts to roughly 9,000 pounds 
per day if the ash content is 2 percent. 

Second, ash can damagtfi»tlie boiler physically. 
Large quantities of sand and other abrasive mate- 
rial will erode boiler tubes and mechanical collec- 
tors. High content of sea salt may cause corrosion 
in a bolFcr if condensation oqcurs in the heat . 
exchangers or bre^chings. 

Knowledge of the aMi content of hogged fuel 
is important in designing mechanical collection 
equipment. From an operational standpoint, the 
ash content directly affects the frequency with 
whilh grates muSl be cleaned and soot blown off 
tubes, and the amount of ash and dirt buildup in 
the boiler. . ^ /i 

■ ' . ^ 

Heating Value > 

The heating value of fuel directly affects the 
rate at which fuel is fed into a furnace. For 
example, a boiler generating 100,000 pounds per/ 
hour of steam may have the following equivalent 
fuel feed rates per minute: ( 



570' pounds of hogged fuel at 40 percent 
moisture content and 5,000 Btu per pound, 

• 310 pounds of dry hogged fuel with 9,000 
Btu per pound, or • 

ISO pounds of No, 6 fuel oil with 1 8,000 Btu 
per pound, ' 

Obviously, the rate of fuel feed affects the 
operating cost -of a boiler. Knowledge of the 
heating value of fuels, however, is generally not an 
important factor in operating a hogged fuel boiler. 
First, measuring Btu content on a continuous basis 
is difficult. Second, if it could be measured, the 
values obtained/would n«t influence the settings of 
the combustion controls on the boiler. Third, the 
moisture content of the fuel is not taken into 
account in the values shown in Tab||j 4, Thus, the 
values do not reflect the available Btu content for 
generating steam in the boiler. The primary benefit 
of knowing heating value of the fuel is in making 
engineering calculations for boiler design and effi- 
ciency. 

In addition to fuel related factors, such as 
size, moisture content, ultimate analysis, proxi-. 
mate analysis, and heating value, six other^factors 
affect ^he combustion of hogged fuel. These 
include the method of feeding the fuel, the 
distribution of fuel yi the furnace, variations in 
rates of fuel feed, the depth of fuel pileWn the 
furnace, auxiliary fuel usage, and separate filing 
practices. Each is discussed in detail. 

Method of Feeding Fuel ' 

The method of feeding fuel to a boiler 
furnace is dependent upon the furnace design. For 
Dutch ovens, the fuel is dropped through a chute 
on top of a^ile. Several piles may be used for one 
boiler. For spreader-stoker furnace designs, the fuel 
is spread across a grate with a mechanical or 
pneumatic spreader. The desired result is to lay a 
thin, uniform mat of hogged fuel across the entire 
area 6f the.grates (Figures 2 and 4). 

These two systems differ substantially. With 
the Dutch oven, the fuel reaches the top of the pile 
in a ''stream'' and cascades down the sides. Little 
combustion ortho fuel occurs until it has settled 
on the sides of the pile. There, it receives radiant 
heat from, the refractory lining of the oven. This* 
heat input, coupled with convectional heat transfer 
from the hot gases around the pile, provides energy 



. to evaporate the water in the 'fuel and raise the 
temperature tor combustion to occur. Gases 
evolved from tlie pile are rich in carbon monoxide. 
As these pass between the drop-nose arch and the 
* bridge wall, the overfirc air supplies sufficient 
oxygen to complete the combustion of, carbon 
monoxide to carbon dioxide. 

In a .spreader-stoker design, t|ie fuel is spread 
across the ^ratc of the furnace so that it must fall 
through the flames o'f the burning material on the 
grates. Small, dry particles of fuel, suchnis sander- 
du.st and planer .shavings, will heat quickly and 
burn in suspension before they arrive at the grate. 
Larger, moist fuel parts, such as bark and coarse 
white wood, will fall to the grate and burrvat that - 
location until they becomeNsmall enough and light 
enough that the air from under the grptes can carry 
them into suspension. The combustion will be 
completed lor these articles in suspension (pro- 
vided ^that the necessary time, temperature, and 
turbnience are maintained). The spreader-stoker 
design docs not use large amounts of refractory to 
radiate heat back to the burning fuel pile. Heat is 
radiated from the flame zone above the grates back., 
to the fuel on the grates. This aids in the iriitial 
combustion. Heat also is transmitted, to the fuel 
through turbulent How of hot combustion gases 
within the furnace, and from heated underfire air. 
Combustion must be completed in the furnace 
chambe^. 

The method c*f fuel feed is tied clo^cMy to the 
particular design of furnace, and^eeding methods 
are not easily interchangable. The furnace design 
and the methods of fuel feed associated with a 
particular design do influence the process of 
combustion.* 

Distribution of Fuel in the Furnace 

Furnaces are designed for uniform combus- 
tion of fuel acrdss the furnace. Fuel on the 
left-hand side of the furnace should be suftject to 
the same^onditions of available air, temperature, 
turbul^Band gas velocity as fuel on the right- 
hand sMflf the fuel feeding system allows for 
uneven distribution of the fuel, the combustion 
system wUI be unbalanced. The right-hand side 
may have too much air, too low gas velo^jity, too 
high temperature, or too mUch or too litt{c of 



J^jinother parameter of combustion. The need for 
uniformity applies to fore and aft distribution of 
fuel, as well as side to side. The primary concern is 
that fuel be placed evenly in the combustion zone 
in all type,s of furnaces. 

Variations in Fuel Feed Rates 

In almost all boilers, swings occur in the 
steam demand under normal operation. In some 
instances, these range from 40 to 125 percent of 
the bc^lur rating over periods as short' as a few 
minutes, although most units do not undergo such 
violent changes in load. In responding to load 
variations, the fuel feed rate is increased or 
decreased. Decreasing feed rate usually has no, 
adverse effect on the combustion reaction. The fire 
burns to a lower leve^ and steam production drops 
off. 

With increased steam demand, substantial 
problems may occur. Consider a furnace that is 
operating at 75 percent of full load. Suddenly, the 
load increases to 100 percent. As the steam, 
demand increii^s, the fuel feed rate increases. The 
furnace receives hogged fuel with moisture from 45 
to 50 percent. This increase in the rate of wet fuel 
going to the furnace may tend to lower the 
temperature in the combustion zone. As the 
temperature drops off, the combustion rate drops 
off. To compensate for this, more air is added, 
usually as underfire air, to help dry the fuel and 
increase the rate of combustion, which increases 
the percentage of excess air. This tends to reduce 
combustion efficiency and frequently results in 
sending substantial amounts of unburned material 
out of the furnace. Gradually, the wet fuel dries, 
the temperature in the combustion'zone increases, 
the rate of combustibn increases, and the steam 
output from the boiler increases. 

The degree to which the Opset in combustion 
occurs is dependent upon several factors: 

Rate of combustion initially, 

change in fuel fieed to meet the new load , 

design and size of the furnace, . 

moisture content of the fuel, 

size of the fuel, 

temperature of underfire and overfire air, * 
* an)ount of excess air, and 
other related combustion parameters. 
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The factor that triggered the upset was the 
increase in luoff lecd rate. If feed rate is increased 
drastically ovyr a short time, substantial upsets can 
be; expected with normal hogged fuel. If the feed 
rate is increased gradually, less disturbance will 
occur to the combustion process. The most dra- 
matic example ^'^'^ upset wndition can be seen 
jn furnaces that are batch fed from a hopper. To 
maintain stable combustion conditions is virtlially 
impossible when a ton or more of wet, cold, 
hoggeil fuel is dropped into a furnace. 

Depth of Fuel Pile in the Fumapc 

riie depth of fuel pile has two major effects 
on the combustion process. First, the ^amount of 
underfirc airllow depends on the depth of thc/uel 
pde. As most hogged fuel boilers are not equipped 
to vary air pressure, when the pile height increases, 
the airllow rate decreases. A decrease in underfire 
airflow may raise the bverllre airllow if the air duct 
system is not e(iui()pcd with individual damper 
controls. ^ 

The reverse situation also occurs. When height 
of the fuel pile decreases, the underfire air has less 
resistance to How as it passes through the pile. 
I'low rate, therefore, increases in the underfire air 
and may decrease on ovcrfire air. This applies to 
Dutch oven and spreader-stoker designs, although 
the responses to^ilc depth would not be equal. 

The second effect of varied fuel pile height is 
changes in radiated halt transfer to the fuel and is 
applicable to Dutch ovens In Dutch ovens, 

the closer the fuel is to the hot refractory lining, 
the faster the volatile portion of the fuel receives 
radiated heat and evaporates to the gaseous phase. 
Thus, raising the piln^^eight can increase the rate of 
combustion in a Dutch oven. There is an 'upper 
limit, however. As the surface of the fuel pile 
approaches the top of the Dulch oven, the volume 
of gas in the oven decreases. This reduces residence 
time and increases gas velocities. The resulting 
incomplete combustion of fuel will lower the 
temperature In the furnace and slow the rate of 
combustion, ^ ^ 

Separate Firin£H 

in hbftgc^plR^^BdHfrs, the variousyUe! com- 
ponents, suchT^bark, plai;^er shavings, %^ sander- 



dust, can be mixed together ar\il Ved to the furnace 
as a mixture, or they can be fed separately. Two 
rtltl components that usually are put into the 
furnace through separate systems are sanderdust 
and cinders, • 

Sanderdust firing. Sanderdust particles are 
small and low in moisture content. These charac- 
teristics result in extremely rapid combustion if the 
fuel is properly suspended and otiKr conditions are 
favorable. Rapid combustion means that the avail- 
able oxygen will be consumed at a hi^h rate. ^f the 
oxygen ^^Jpply is limited, the s^inderdust as well as ' 
the other >uel may be ^'starved'' for oxygen. In this 
instance, unburned particles will leave the furnace 
as dense, black smoke. To avoid this circumstance, 
sanderdust can be injected separately with its own 
cor^olled air sOpply. 

Separate firing of sanderdust offers several 
advantages over mixing it with other components 
of hogged fuel. A well-designed system can limit 
dust problems in handling and storage, provide a 
proper balance of air and fuel, provide air at the 
correct place and, in general, improve combustion 
conditions. Furflier, sanderdust firing systems can 
be responsive to changes in boiler load. They can 
be used to release heat energy quickly to compen- 
sate for rapid swings in load. If sanderdust is mixed 
with other hogged fuej, the response to load ,YVvings 
is less rapid. Furthermore, sanderdust fifed in a 
mixture with hogged fuel frequently is not well 
mixed. The result is spasmodically high rates of 
combustion when the sanderdust is a high percent- 
age of a mixture and high rates of excess air when 
sanderdust flow rates are reduced. Design criteria 
for sanderdust firing systems are discussed in 
Qiapter 6. 

Cinder reinjection. Cinders collected in con- 
trol devices, such as cyclones or multiple cyclones, 
also exhibit properties that make thern difficult to 
transport, storQ, and burn. Discussions of these 
properties may provide ihsight regarding their 
effect on the combustion reaction, ^ 

Cinders are a combination of fixed carbon, 
inorganic fly ash, and larger particles of inorganic, ^ 
incombustible material such as sand and Clay. The 
percentage of this material that is capable of 
burning, that is, the Tixed carbon, is dependent 
upon combustion conditions in the furnace. If 
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coiuluions are gooil. perhaps only Iron) 10 to 15 
poiceni ol tlk- ojiuiers will be combustible. If 
•tonibustioii coiulitions are poor, then us much as 
90 percent of the cinders may be fixed carbon. 

The rate of combustion of fixed c«<rbo>i is 
substantially lower lhan'the rate of combustion for 
^ the volatile materials in wood fuels. As wood 
undergoes combustion, the volatile materials evap- 
orate to (he jiaseoiis phase and burn. In the gaseous 
phase, (hey burn more rapidly than carbon in the 
solid phase. Hor example, consider how long 
charcoal brii|iiets burn compared (o blocks of 
wood ciK (0 the same si7x'. This difference is 
importan( for hogged fuel furnaces because, v hen 
cinders are reinjec(ikl,.tlicy require longer. residence 
lime lo reach complete end products of combus- 
itoii If residence (ime ut'hiKh temperature is not 
sunKicMl. unburned cinders Ivill leave the furnace 
again as potential air pollutailts. 

Tire carbon portion of tinders is not mechan- 
ically strong. It crushes easily to a fine powder 
• with low density. This usually occurs in rotary 
screen syslenjs (hat remove sand and heavier 
particles. The resultant form of the carbon makes 
II dillicult lo handle because of the dust. It also 
|)resen(s probK-ins when reinjected into the .fur- 
nace. Ihe small, light particles of carbon can be 
suspended in the turbulent airllow of the furnace 
and carried out of the combustion zon6 quickly* 
frequently before the combustion redaction fras had 
time It) g(| to completion. 
^ Consider two extreme situations where cinder* 
reinject ion might be employed. First, consider a 
furnace iii which combustion of the fuel is good ' 
and only 15 percent of the cinders is carbon 
(f igure 7). Separation of this material in' a' screen- 
ing system probably will meet with only limited 
^ success because the carbon particles arc exj)ccted 
to be small. Nfuch of the inorganic fly ash 'will be 
of about the same size and density. Thus, the 
screened ma|erii»'i that is 'to be reinjected probably " 
will be only 50 percent combustible at most. 
Because of its combustion characteristics and size, 
when it js reinjected, only 50 percent of thf 
combustible portion Ukely will burn. The r'est will 
be qirried out of the furnace as "new cinders " 

4* 
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Figure 7. Flow path of 100 pounds of cinders high 
in inorjfanie ash, screened and reinjected, with 
good combustion. Note the small amount of 
carbon burned and the recirculation of inorganic 
asli. 

Thus, for every 100 pounds of cinders that are 

initially colkV'ted: 

.« Only 15 pounds will burn, 

the reinjected portion after .screening likely 

will consisf of 10 pounds of ciirbon and 20 pounds 

of incombustible material, and / ,^ 
after reirijection, only 5 pounds of the carbon 

will burn, but the remainder, plus the 20 pounds of 

incombustible materiid, will be recycledgHhrbugh 
j^the system. ^ , 

Operating a system like this is dillicult to 
justify when you consider the increased rate of 
particulate emission from the stack and the erosion . 
of the boiler tubes and the cinder collection system 
from continually recycled inorganic material. 

, Now consider the opposite extreme. Assume 
that you are operating a furnace in which combus- 
tion conditions are poor. Cinders collected in the 
multiple cyclones are 90-percent carbon and large 
(Figure 8). After screening, the reiryectcd material 
is 95-percent carbon ancj reduced in size. When 
reinjected into a poor combustion situation, pet- 
haps from 20 to 30 percent of the carbon burns. 
The remainder is recycled througlj t|e system. 
Being reduced in size, a substantial portion will not 
be caught in the collectors, but will go out of the 
stack as aij pollutants. 
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Mgure 8. Mow p;jth of 100 pounds of cinders high 
in c;irl>on, screened and reinjected, with poor 
conditions for combustion. Note ^lat, although 
sonic rccycUnl carbon is burned, much evScapes out 
of the stack: 

I wo basic things arc wrong with this system. 
I'irsI is (he attempt to burn, in an already poor 
i(>inl)us(i()ti situalioti. a material that * does not 
burn well. Second is the amount of inorganic, 
incombuslible material, whiciv is the s;une as in the 
lifsl cxaiuplc of good combustion. As in the first 
example, this material is.- recycled through the* 
syslem, which results in erosion and increased 
loading to the atmosphere. Again, operating under 
these conditions is difficult to justify. 

I his raises an important question: Why rein- 
ject cinders at all? The answef is^that reinj.ectipn 
helps to solve a serious problem of solid waste. For 
example, a boiler that is designed for a capacity of 
-100.000 pounds per hour on hogged fuel probably 
.will emit from KOO to 900 pounds of cinders per 
hour. Of these, maybe from 300 to 400 pounds per/ 
liour are combustible. Reinjcction reduces the • 
solid-waste problem in two ways. First, it results in 
some reduction irj the volume of th*e combMstible 
portion of t^ie ash. Second, it gets rid of the 
remainder of the ash by emitting it to the 
atmosphere as particulate matter. Thus, it solves a 
solid-waste problem by creating an air^mission 
problem. ^ * * 

If ciliders are. not reinjected, what can be 
done with tlie'm? Altei^natives include use as 



landlill. raw material for charcoal briquets, filler 
material for concrete blocks and roadways, and as 
a soil conditioner. . * • 



Auxifftfy Fuel Usage | 

•Auxiliary fuels frequently are used in' hogged , 
fuel boilers. When the hogged fuel is very wet and 
^ill not support combustion, other fuel sources 
can^provide the heat required to evaporate mois- 
ture from the woQd. In some installations, available 
hogged fuel is not sufficient to generate the steam 
required. A third reason lor using auxiliary fi\el is 
that higher rates of steam generation* can be 
achieved for a given si/e boiler through the use ^ff 
^fuels with higher Btu content. Fourth, auxiliary 
fuels can be u.sed effectively to hjindle rapid sv^ings 
in load. * 

Auxiliary fuels such as coal and oil hhve twO 
major effects on the combustion reaction in a 
hogged fuel boiler. The first deals with the sUlfur 
content of these fuels. Both coal and oil contain 
small percentages of sulfur, riiis material oxicli/.cs 
in the combustion process to form sulfur dioxide- 
an air pollutant. Regulatory agencies have estab- 
lished limits on tl\e percentage of sulfur allowable " 
in these fuels. For most areas, the lin)i( after Jujy 
1974, is'^ 1.75 percejLit for bunJker-grade oils and .1 
percent for coal (5). # 

In addition to being an air tx)llutant, sulfur 
dioxide can cause significant damage to the boiler 
components if it is allowed to condense. Air 
preheaters are particularly susceptible ta this con- 
densation-corrosion problem. 

The sec:ond major effect of auxiliary fuels in 
hogged fuel boilers relates to ash content. This is 
not serious in the use of natural gas because its ash 
content is negligi*ble. On the other hSnd, the^ash 
content of coal can range from 0 to 30 percent (I). 
Ash content of residual oil should be less than 0,5 
percent (1), but has been measured in excess of 10 
percent.^ If coal with an ash content of 6 percent 
4s used, its ash content per ton is three times that 
of hogged fuel. thus> loading to the collectors may 

^Personal communication with Prof. A. Hughes, Dept. of 
Mechanical Engineering, Oregon State University, Corvallls.. 
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well exceed; thc/^^sign capa^iity of thi; cbJIectprs, if. 
it is.iised extcn'slvtoly, J^urthermore, si/x, density, 
and other diaracteri3tic8.;pr coal flj^ush mijiy differ 

* from that (iif wood. • • ' 

' lifKe^br auxilifiry fuel of^uiy typv requires ;that 
both^fuel now 'and airflow be controlled within 
reasonable Imiits for proper eombuslion^through- 
out the lull range\)f operation. < - 

■ Thus, there are many fiiell-related factors that 
exert, u significant effect on tht; cbrribustion reac- 
tion \\\ hogged fuel boilers. Included' in these are 
cqi^jjulerations of speeiesi size; moisture content, 
ilftyhate analyjles, proximate analyses, heating 

''v^aii,R\ n^ethod of feeding fuej, ilistribution of fuel 
in the furnace, variations in fuel, feed rates, depth 
of fucf pile, separate firing practices, and auxiliary 
fuerusage. 

A ir-Rela;tcd Factors ; 

\* 

We now will consider air-rekUed factors that 
affect the combustion reaction. Inchided will be 
percentage of excess air, aiir temperature, ratio of 
oVerfire to underfire air, tyrbuichce of air, amount 
of ,,air 'Compared to si/e ol'i furnace, and flow 
relations between induced-^draft systems and 

forced-draft systems. 4 

* ■ ' . • ". 

Percentage of Excess Air * 

As nott^d previously, excess air is required for 
complete combustion of hoggexl fuel. Each mole- 
cule of fuel inUlie gasrous st;ite must come into 
conti/ct with one or morcv molecules of oxygen. 
Onlv then can the chemical reactions Occur to 
complete the -combustion process, By supplying 
ex^H^ss air, the probability of this occurring in- 
creajies. 

I There is a limit to how mUch excess air can be 
add^ied and still help the combustion reaction. 
Several factors are influentiah 

j When air is brouglit into the combustion. 
chiiml5er, it is well below fl^me temperatures. 
DuHng. combustion, it must be heated fr6m fts 
inp^t temperature to combustion temperatures, an 
incrtaseipf up to 1,800 F^f This requires heat 
fencrgy tnat copies from the combustion; As the 
amount oY air' is increased, more energy is^taken 
from the^ combustion process to heat incoming air» 



This lowers the temperature in the cyjmbustion 
/.one, which slows the rate of the reaction. Jf the 
fuel fails to burn completely because *|ow 
reaction rate, air pollutants will be generatea. i 
As the energy requirement to heat jincoming 
air increases with the amount of excess ai(^, thermal 
efficiency of the combustion system goes down. 
The result is that marc fuel is required to produce 
a given amount of steam (Figure 9). 
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Figure 9. Relation of excess air to heat loss at Ave 
temperatures of stack gases. 



Furnaces are fixed in volume, that is, they 
have a certain height, width, and depth, which do 
not change. As airflow into a furnace increases, the 
velocity of gases passing through the ifurnace 
increases. Furnaces are designed for a reasonable 
range of gas velocities based on an assumed upper 
limit of excess air, usually 50 percent. If more than 
50 percent excess air is used^ gas velocities in the 



Iurnac(is may be so higii (particu^rly at high r^tes 
ol steam generation) that they will carry fuel out 
of the combustion zone. If this occurs and the 
unljiirntjd fuel enters the heat exchange tubes of 
the boiler, gas temperatures will drop quickly 
below those necessary for the combustion reaction 
to go to completion. Thus, air pollutants will be 
formed. 

An interrelated effect of high gas velocities 
because of excess air is to reduce the residence 
time of fuel in the combustion zone. The combu.s- 
ti()n reaction takes time to go to completion. ;If 
large amounts of excess air ^result in high gas, 
velocities, they also result in short residence time 
ol volatile ga.ses and fly carbon in the combustion 
zone. Again, this means that the process may be 
stopped before combustion is completed (by low 
temperatures in the heat exchange zone) and 
unburiied organic materials will go out the stack as 
air pollutants. . , 

1 he gas flow rate into and out of a furnace 
luiK a linear increase proportional to*increased 
excess air (Table 112). At 100 percent excess air, 
roughly twice as much gas passes through the 
luniace as at 0 percent excess air. Pressure drop 
through the system increases as well as mass flow. 
Movement of this gas requires forced-draft and 
nulucedHlraft fans» which in turn require power. 
The cost of energy to run these fans is significant. 
I- or example, a IOO»000-pounds-per-hour hogged 
fuel toiler using 100 percent excess air requires 50 
horsepower more than for the same boMer using 50 
percent excess air. Over a year's time, this will cost 
$3,1 25, for pown;r at 10 mils per kwh. 

The si/.e of forced-draft /and induced-draft 
systenvs. which include motors, fans, ducts, and 
dampers, is based-^n the steam generation rate pf 
the b^^iler and some reasonable, maximum value of 
excess air; for example^O^percent. If more than 
50 t>ercent excess air is used, then one or more of 
the. ^stcm cojnponents wlU..be an improper size. 
This can result in loss of control of the systems 
because of being outside their design ranges; 
improper balance between forced-draft and 
induced-draft systems, which can puse pressuriz- 
ing of the furnace or excessive fufhacc draft; and 
inability of the air systems to respond to load 
changesor variations in the fuel. ^ *\ 



Ihe size of the particulallvj^c^jjection syMcit^S; 
also is ba.sed on the maximum steam gertci^joitlon ; 
rate and-xsome reasonable value of excess air:i As4rt. 
the instance of forcednlraft atjid in^y^cei^^ 
systems, pollution control equipm^jnt : will ^lot. 
function at its best if gas flow rates deviate from 
design conditions. Too much excess air will rcsulV 
in lower collection efficiency for most ppJllutio.n . 
control systems? V// 

In summary, some excess air is necessary' to 
bring about proper combustion. Too much excess 
air can be detrimental to a combustion .system f 
because it: 

Cools the combustion reaction and slows* 
down the rate of reaction. 

Reduces thermal efficiency. 
Increases gas velocities, in the furnace 
and transports the fuel out of the (urnave * 
before it burns completely. 

Reduces residence time in the furnll;e So!; ;v 
that fuels cannot burn completely. 

RecfUircs extra power in the- Jaiyystem, 
which can be a significant cost factor: ' * t > ; 

Can unbalance an air.sygterxi.^^which ' 
results in loss of combustibn abnttol; im." 
proper pressure conditions in the boiler fur- 
nace, and inability of the system to respontl/;^^ 
to load variation. * . ^ . ' 

Causes improper operation of coHection 
equipment if the gas flow excevjds-^deSrign 
conditions, which can occur witlv larg6^^^^^ j 
ccntages of excess air. / 
, How much excess aijr shoul^I .be use.d?' Aelord-; 
ing to most design|rs and manufacturers of hpgged 
fuel boilers, from 25 to 50 percent is the op^um 
range. In actual practice, mqst hogged fuel boilers 
are opprated at from 106 percent to 150 percent 
ojcfctfss air and are oot, operating' at the best; 
/tonditions. Most' of these Units would . opera'te 
(better for combustion efficiency at lower leyels of 

^e^tcessair. ■ ' ' . ';'/•■''.,,/' ''.' //, i ' 
As a majjter of pr'aictiialUy, the b<ist level of 

' excess air will Vary from bc»ler to boilej:. Gertcrally, 
if the bvel is from 40 to 75 percent/ the unit 
probably is furtci(pning reass))^ably well, this cprre* 
sponds to carbon dioxide levels Jn the. exhaust 
^ses of I4.3'toH.O percent. We 's(iOM|d'^6^K"»^c 
that, because of the variations in furnace design, 



f f ^"^'^ nu>istura cout^'iit / steam |;enerali ' j '^'Unfor^ this tlieorctical approach does 

,;;; : r ' ' ot.iicr;ractprs 'l|lat al lect ihe;. coinbusUon process, , ^ nt>t ^ccouiit for many design parameters that affect 

• I ,^^>.i^imM^\ conditions tQr excels air annot always.;^. : t^^^^ Perhaps the main variable 
- : ' maintained, Bqnally, .vye's1i|)iild beravyaireof t])^ « tt^' be considered is the furnace design, such as 

. • • .; V' negative: eilVcts of too muciv e^^c'ess i>ir/ ' 0 y"l - Du tch ,6Ven pr, spreader stoHer), Another important 
'•,v''' I. • ' ' ^ ^/■''■''^■^iX-:'''^''-'.: ..^ variabib is fuel moisture content, as more moist 

^ ' Air TemperVwe^^^^^^^^^^^ ' ' fuel. rectuires" mow. underfire air. Taken to^^ 

' ,;, The; tcm|Voratiir<;' of air eti|tetiitg4hc;Co : thtj KKult'^ tihat matjy systems operate best with 

:^^X ticip >:one, lias ;i,.signiiricant effect on combustioii ' 'v' 75 percent undcrfire air and 25 overfire air. 

'..1^^^^^ . / • ' . 

... i'i'^^ frqiilj . rTurbulcncc af Air 

' , v ;-' '^ iiVcrcases/ tjw rurnace^'^t^^^^ PoY complete combustion, one or more mole- 

'i '; • ' of oxygen i must come into direct physical 

•' tWniation .()f:,air poll^ conti^ct' with each moliicule of gaseous fuel at a 

cfHt the system by ^tf^ilizSng heat energy^r- 't adequate to insure ignition and with 

y : / , ' . tlm Qt.hcr\yi;ji} would be lost up the exhaust -stack;*/ V sufficienf time to complete the reaction, j 

V' !..- .^."^ '• "^^^^^^^^^^^ ^^'^^^yJ' i:.: ' Adequate mixing of the gaseous fuel and oxygen is j. 

'•i--:'\-'-,r*-]t-': '' '^'^:'''::!:- -' •. ^ ■ • . y'l 'l broyght' about by turbulent gas flow in the 

Ratjo Vf Overfjrc to Und^^^ ' , furtWcc. The privnjiry purpose of overfire air jets or ' 

* ^-v,,, ; V . Ill most hogged fiw| boilers, the .iiicoming.air ' nozales is to accompIiSM'^'S- Generally, the more 

, ' • ' ' for\(>h»I\U5!tion is, s()lit into two ducfi turbulence in the tiirn<ice, the higher the probabil- j 

. V /, r. ' . l!'^' ^•'.i^'^''' -Pjl^ pii gratV'S. The other ' ity of cqmpleting the cornbustion rcacfion. If the li 

■ ' i;: ;hi;l'tigs,air in over the' fuel pi Id.' In, many- sf^readc^pi '^gas npW^j^^ §mooti\,oplaminar, little mixing 

' ' / '.siokor deSigns/^R^^^ oYerfire'airJS'Vsed tp^''';^ - '"J ■ " - ' 7; 

^j,,' paciunaf ically spread the fuel across the grates. . : iFor'^^KlfetyV.mlKihg is ittivi^^rtant to avoid dead 
' ' The percentage <dV total' com^bustion air gdin^ 



, to the underfiro and overfire air duttS influences 



:es .aecuVh.u'l9tjpt^. .ajidv^^^^^^^^ c^nceVitrations. This 

, . the combustion process. The ratio of the two flows • an result' lA ;pujffjng''b^ in the 



is, tijcrefofc. Pile of the paramet^s , of concern. -Vi^combu^tion ?6nc^ ' 

" , • boiler, to' bpiler. It is also d^ipenderft upon; , the ' ■ ; Kl^Vv kpla t iQi^r B^twiecri • Fi^frced-prftft.:. and 
' characteristicVof^tlie * ' . 

//v ; • theory, boilers slvoiild functw with. / ho the'Tut-titj«^. include facilities 

■ . 75 percent, overfir^^^ , tbJd.eliWr pi/(^Apated.ia|ir'iunder automatically 'con-i;>,j 

•| . air,. Tlvisfldea is based on proximate fi,ijalys|S. of^ ; troile^^^^^^ full range ' 

V hogged fuel!; Roughly 75 .percent ofi the fJbl is;^, of /|!>^il0r dpefationsi tnduced^raft aif /^y^Btns 



C) 

I 

!• 

n 
t) 
n 

SI 

c 

o 
n 
N 
I' 

1 



" >^ i^bovcvthb solid hogged fueli/iftrix. with aif; iand 7 S ozones ar^dj sprubb^ 

75 percerttof tlie air, in theory/shc^ia;; ^' ^f^tjie' 
; y bij supplied above th0 pile. ' jhe remiaini 

'T :;*: percent of the fuel, the fixed tarbori, wiU^r«mi»in, ! ^ ftpyy-rfttesijitM&syst^ifi. ; . 'V^ ' \ 
; .pV pn the fuel pile or grate system, Combustionj^it to '^^^ Por(x6^i!0 

. k ^ meet its iieods (25 per^i^it of thc^Qtal) ihdi^ bfT V/rnipo^^AVit .trpl^^ rm- f : • 

■' . supplied ()x)rn;,undeite>ir.' .■'■S^^*.^Mfi^ ' 
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rclalcd coinhustion parumeters» such as perccrftagc 
of excess air, twrbulence, and , air temperature, 
Furthermore, the balance between flows in tjiese 
two systems determines the pressure in the fur- 
nilce. In most hogged^ fuel boilers, particul^irly 
older installations, a slight negative, f) reassure is 
/ maintained in the furnace and heat exchange 
sections to minimi/.e puffing and to keep fuel i)nd, 
combustion products in the furnace, 

Not all hogged fi^el boiler installations 
operating today are equipped with balanced, auto- 
inaled. IbrcoilHlratt an0 induced-draft systems. 
Many have no forced^raft system at all. Others use 
natural .draft from smoke stacks rather than a 
controlled i*nduced-<lraft fan system. Such installa- 
tions do not have 'good control of the combustion 
[)ro)ccss throughout the full range of operation. 
Incomplete combustion may occur at regular inter- 
vals with resultant emissions of smoke, cinders, 
under burned hydrocarbons, and other air 
pollutants. 

Other .Factors 

To maintain good combustion conditions and 
good 'heat transfer, soot and ash deposits from the 
furnace and heat exchanj^r tubes must be re- 
nu)vcd. Failure to remove such materials results.in.. 
parlial blocking of the gas pas$<iges. If the grates 
are plugged, im^ufficicnt air for combustion will 
occur in localized prfrts of the furnaces. y\\is bring? 
about loss of steam generating capacity, loss of 
efficiency, and ijicreased polFU tan t emissions. Simi- 
iarly, if the tube passages are plugged, capacity and 
Efficiency are reduced. 

Most plants have regular schedules for soot 
blowing and grate cleaning. The frequency depends 
onVcontent of fuel ash; 'cpm bust ion efficiency^; 




' . * ■ « • ' ■) 

furnace design; nvpiiije rate of^sleam' gencrii^tioiit; 
pjant steam, demaiul 5tfhedule;Jocal reg,uluyj(j:)WJf o\\ 
air pollution; and*operator\s initiative. / ^ y ^''v 
How well ,the job is done depends W|h oo the 
o|)^rator and Xhd equipment he cont^cfls. The 
important polrft is.'^a clean boiler is mbr^'effigci^t 
and, pollutes less th'an One fouled-^ witfi' ash and 

soot. ,s ^ . \ . 

The operator .^has some control over-M he 
cleanliness'of a boiler/but he has'less controTover 
other factors'that sign ificirntly affect the cgmbus-. 
tion reaction. These include tva'sic tfesign, mainte-^' 
nance, steam gc*neration rate, and water level. 

Dutch ovens and spreader stgkers use differ- 
ent approac;iies to fuel cohibustion. As such, their 
differen<;es in bhsic/design • inHuence the combus- 
tion relictiufn. 

*As with air. production equipment, boiler 
components require maintenance to function well. 
Poor maintenance results in lower boiler efficiency 
and high^er emission rates for air pollutants. It may 
result also iji s^ifety hazards, unwanted downtimi^, 
and significant equipment damage. 

" Boilers arc designed tg produce steam within 
a range of rates. If actuaj loads are eithcf too low 
or too high, combustion conditions will be upset 
by equipment limitations. . In many installations, 
.the maximum steaming rate is not determined by 
the. boiler capacity, but by emission levels from the 
system. 

Many operates have reported that variations 
in water lev(»l in the steam drum affect .the 
combustion rate. Field experience indicates that a 
responsive, aytomatjc liquid'-levbl control system 
on the .feed-water system at the steam drum is 
helpful in controllihg furnace teniperatiires. This is* 
particularly true for wakr wallcdv spreader-stoker 
systems. . : • • 



5. MONITOI^INC tQUIPMUNl 



Moni onng equipment is used to measure and indicate the important parameters in boiler operation It 
.s d.stmgu shed from control equipment, which controls the combustion variables. Examples of monitoring 
equipment' inc ude meters, to read tempratufe. pressure, and flow rates of steam produced Some 
monitoring systems are l.m.ted to providing data for the operator's information. Other, u.se the nforn.ation 
as a signal to operate a control Svsiem. For examni,. ^t...^ n J^j. . .. ^"'"'^"'^'I'.on 



• 7/ . "'^ ^'pcidiors mrormation. utieri^u.se the information 

as a signal .0 operate a control System. For example, steam now meters simply record the flow r t of 
, earn prodfeed^ Steam pressure, however, is indieated on a gauge' for the operator's inrorn,alion,a"d also 
M.«;d as'j control signal to mcroase or deerense fuel How ' ' "'"'oiMna aiso 

'are JliZT""""'" ''-"^""'"'^ ■ ".any go<,d references 



Fuel Monitors ^ 

Most hogj^ed fuel boilers do not have equip- 
ment to measure variables of hogged fuel such as 
moisture content and size. There are systems, 
however, that can provide useful information for 
operators, ^ 

Metal detectors have the obvious advantago'of 
limiting damage'*to equipment because of tramp 
niCtal ih the fuel .System. They am be used to shut 
off conveyors, sound alarms, or perform similar 
functions. 

Fuel weighing systems provide data concern- 
ing luel How rates that have two uses. It is helpful , 
in accounting for total fuel usage, and can be used 
to signal the operator when no fuei-w^eing carried 
by the conveyor system. Weight data are hmited in 
vulue because weight of fuel varies directly with 
moisture content, and moisture content lean Vary 
over a wide range in hogged fuel. 
\ Television scanners can monitor mos\ fuel 
handling systeojis. including conveyors, hogs, stor- 
age bins or p'iles. Teed systems, and screens.' Each 
component of the system can plug or fail to 
Junction, with the result that the fuel supply to the 
boiler stops: By locating closed-circuit television 
•scanners at critical points in the system, any 
disruption can be spotted quickly by the operator, 
and corrective action can be undertaken to rr^ini- 
mize changes in fuel now to the boiler. ScaHfters 
can be installed with several cameras an^onlyohe 
video screen.' Using the selector switch,' the opera- 
tor can ?heck the system at any one of several 
points. 



Fuel feed monitors are helpful in the common 
situation Where hogged fuel boilers are equipped 
with more tl^ one feed point. The operator can 
have an easily visible means of determining 
whetjier or not fuel is flowing freely through each 
tecder. Feed monitors are found in a wide variety 
of types, from plexiglass panels in the system " 
mechanical linkages that move as long as fuel 
being fed. The rate of feed seldom is measured. 

Fuel moisture meters could be helpful. Spot 
checks occasionally are made on fuel moisture 
content. Few plants do it regularly, however, and 
the data are not used to control the combustion 
process. Efforts are under Way fo dcvelopTeliable" 
systems for continuously measuring fuel moisture. 
This type^of information is- useful in determining 
when to use auxiliary fUel. buYlt iknot nece.ssarv 
to the operation. Where fuel dr^liig ^id sizing arc- 
part of the operation, moisture measurement can 
be a valuable control monitor for the fuel prepara- 
tion system. 

Air Monitors 

The commeats on air monitoring equipment ^ 
are limited^ ta combustion air input systems and air 
measurements in the inducedKlraft system. Ex- 
haust gas monitoring equipment is discussed separ- ' 
ately. 

Even though temperatures and flow rates of " 
combustion air are/ critical parameters in the 
combustion process, few boifers are equipped with 
monitors to measure and indicate gas temperatures 
or flow rates, for several reasons. 
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. First, seldom does a need exist to know wiiat 
the h temperature are. If the boiler has an a.r 
preheaterv it is used to maximum capacity. If it has 
no air heater, knovving .the air temperature does 
not provid^J inforiT}|tion to assist the operator in 

his duties. . .. 

Second, total airflows have a direct bearmg on 
the percentage of excesS air. This parameter can be 
determined accurately from ijnalyses^of the ex- 
haust gases. Therefore, measurements^f input 
aifllows are redundant , 

Third the cost of instalhng equipment lor 
continuous monitoring of airnow has prohibited its 
use Continuous measurements of gas Hows _to 
undorfire and overfire air systems would be help ul 
,o the operator.. It would tell him to correct the 
(lows for oiMimum combustion , conditions. I he 
oconomic returns of such equipment, however, are 
a.mcult to identify. Therefore, few boilers are 
aiuipped.witltmonitors for input airnow. 

Air pressure monitors ard common on boilers. 
Draft gauges 'on control panels indicate positive 
and negative pressure conditions at various points 
in the combustion <and heat exchange systems. 
Data from these instruments are used by the 
operator to determine when plugging occurs be- 
cause of ash building up in the system. They also 
are useful in sette airfiows to maintain proper 
pressure conditidlnn the furnace. ^ 

Exhaust Gas Monitoring 

Flue gases can be monitored continuously fo 
determine parameters such as temperature, percent 
carbon dioxide or oxygen, and opacity or opt,ical 
density. " 

^^"^ Meal^ement of flue gas temperature Ln 
provide helpful information to an operator, but4t^ 
use is limited. This parameter is dependent upon so 
many variables that fluctuations are difficult to 
relate to specific variables. For example, changes in 
air heater performance, steam generation rate, lue 
moisture content, fuel heating value, and percent 
excess air all affect exhaust gas temperatures. 



Because of ^installation costs and limitations ori 
value of the data, many^boilers are nM equipped 
for continuous monitoring of stack temperature. 

Percent Carbon DioKjde or Oxygei^ ' - 

Of all continuous monitors 'available to the 
boiler operator, those used to analyze nue gas for 
carbon dioxide or oxygen are the most valuable 
indicators of combustion conditions. As notdU in, 
discussion of the effects ofexcess air, the balance 
between fuel and air supply is critical to proper 
combustion. Continuous mcasurervcnt of combus- 
tion products can inform the operator of any 
•upsets in tHC balance of these variables. The 
operator then can adjust conditions to maximize 
boiler'cfliciency and minimize air pollutant emis- 
sions Without data from flue gas analyses, the 
operator can only guess at the percentage of excess 
air being used in the system. . . , 

Continuous gas analyzers are costly to install 
(for example, $2,000-$5,000 per installation)^ 
They also require reasonable maintenance and 
calibration to function properly. They are easily 
justified, however, because of . fuel savings and 
reduction of air pollutant emissions. 

One difficulty should be noted regarding 
continuous fiue gas monitors. Most commercia 
units are fairly delicate instruments. The output 
signal is ba^ed upon a small voltage generated by 
the instrument in response to the concentration o 
the gas being analyzed. If the instrument is not 
grounded properly, a false reading may occur 
because of an electrt)-chemicat reaction within the 
instrument. This is a common problem, but one 
that is easy to correct. 

The best alternative to continuous fiue ga: 
analyzers is use of grab-sample .analyzers. Twc 
types are com;^only employed: the Orsat analyze 
and Fyrite analyzers. Each is adequate fo 
^ measurements to within about 0.2 percent. Th 
cost is moderate, and the instruments are we 
designed for field use. Orsat analyzers require moi 
skill to operate than do the Fyrite units, but the 
may have/a slight advantage in incftased accurac; 
Both units require regular replacement of chenr 
cals. Either pne is ad«fquate for taking spot cHbo 



on Hue gas constituents. Sample time Irom start to. 
(inish may he 10-1 5 minutes. Therefore, if combus- ' 
tion conditions vary substantially over short inter- ' 
vals, this type of analysis may not te suitable. 

The importance of flue gas analyses cannot be 
overstressed. livery operator should have these dita 
lit his disposiil at all time^. Without them, he 
cannot properly control ^the combustion process! 

Opacity / 

.Most regulatory agencies have implemented 
stniuliirils regarding opacity limitations. Tilt; stand- 
ards specify that emissions may not exceed an 
o()acity limit (usually 20 or 40 percent) (5) for 
more than 3 minutes out of any hour. Commercial 
()|)acity 'iiionitors are available and commonly are - 
u.scd. Their use, however, is limited to providing 
inlornnition to the operators. In most states, charts 
from opaeity monitors are not acceptable to 
retjuiatory agencies as proof that the emissions are 
in . compliance. Opacity monitors are useful as 
warning devices to signal an operator of a combus- 
tion upset tl«t results in particle emissions. They 
do not respond to gaseous pollutants. 

Opacity monitors are installed in the exit-gas 
duct system, usually downstream from devices for 
emission control (for exampig, multiple cyclones), 
riiis location may be in the breeching or in an 
exhaust stack. The systems commonly have a light 
source, a- photoelectric cell, an amplifier, and a 
recorder (Figure 10) (6). Light from the source 
travels, through the exhaust gas stream! Particles in 
the gas stream will absorb or scatter the light and 
reducf the signal at the photoelectric cell. This 
approach to monitoring has several inherent 
difficulties. ^ 

First, the 'amount of hght absorption and 
scattering depends on the distance that the light 
beam travels in the gas stream. Opacity regulations 
refer specifically to opacity at the discharge point 
from the stack. If the distance across the top of the 
stack is exactly the same as the distance from the 
monitor light source to the photocell, the monitor 
can record accurately the opacity at the top of the 
stack. But if the distances are not equal, the 
monitor is not measuring the opacity at the top of ' 
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Figure 10. A comnioir arrangement of instruments 
to monitor opacity orlxit flue gases." 

the stack. Substantial errors can occur bey^ause of 
differences in geometry. ^ 

Second, being m9un ted in ftho' boiler breecfjii' 
ing, the monitors, may be subject ifo higl\ tei»p.ei*a^ 
ture and vibration. .These factors' ijiwy result ih 
limited bulb life a^nd rtyed Tor treqXient mainte- 
nance and recalibration of thd'mj9l^itors. 

Third, particulate emissions from the furnace 
tend to coat the protective lenses on the optical 
system. This coating results in false readings of 
opacity. Lenses must be cleaned frequently to keep 
the instruments functional, the more expensive 
commercial models afe equipped with continuous 
purge systems to avoid this problem. 

Fourth, opacity is dependent upon n|pny 
factors, such as gas temperature (density), size of 
particulate matter, concentration of particulate 
matter, relative humidity, atid length of li^ht path. 
Should any of these parameters vary between the 
monitoring location and the discharge point of the 
stack, the opacity monitor would not reflect 
opacity at the stack dj;jcharge point. " j 



- islotiriTiat tipacity us strongly tiependcnt upon 
.size''pf tlt«; particles in the gas stream. Um 
particles do not scatter or absorb light to the same 
degree as small particles. For example, in a Ijeavy 
rain you may be able to see clearly for Vi mile'. But 
If rain droplets are reduced in size to fog, visibility 
catt drop' to' only a few feet. Because opacity 
depenaont*'upon particle size, measurements of 
ppacit'y cannot be used as measurements of particle 
cUnceiTliiution. Attempts to show relations between 
coHccnlrutions of flue gas particles and' opacity 
tutve not been highly successful. 
' ' •The cost of opacity monitors ranges widely. 
• The least expensive i(nits can be installed for less 
than SSOO At the bther end of. the scale, the 
investment can exceell S6,500, For $6,500, how- 
ever the operator beriefits from automatic recah- 
bration at regular intervals, continuous purge 
systems to keep the lenses clean, automatic correc- 
tion tor geometric differences between the actual 
monitoring location 'lind the stack outlet, low 
mamtenai^e. and high reliability in the system. 



" Opacity and Optical Density 

Some commercial monitors measure optical 
dcmsity rather than opacity. T6 avoid confusion 
ov.er terms, understanding the relation between 
these terms may be helpful, ^ ,nn 

Opacity is measured on a scale from 0 to lOU 
percent At 0-percent opacity, the light beam is not 
scattered or absorbed. It passes through' the gas 
stream and reaches the photoelectric cell at fu^ 
intensity As the concentration of particles m the 

• gas stream increases, scattering and absorption of ' 
the light beam increase. At 100-percent opacity, no 
li^ht is received at the photoelectric cell from the 

light source. ^ ■ r 

Optical density has a scale from 0 to mlimty. 

if is defined as: • 

Optical density = log, o I ( 1 / 1 00 - percent 

opacity)]. . 
. .. Zero percent opacity corresponds to zero 
■ optical density. One hundred percent opacity 
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Figure 11. Relation of opacity floptical density. 

corresponds to infinite optical density. The term 
"absorbance" is used interch^angeably with optical 
density. ' * 

TV Stack Monitors 

Closed-Circuit television systems have been 
installed in many plants to visually monitor stack 
emissions. They aid the operators by providing a 
continuous display of stack visibility. Although 
this is useful during daylight, it is of little value a 
night unless the plume from the sti|ck is wel 
lighted The advantage of this system is that it 
allocs the operator to see stack emissions without 
leaving the boiler control panel, the main disad- 
iTntage is that the operator must constantly 
observe the mDnitor to detect upsets This di^d- 
vantage can be overcome by use of an opacity 
monitor with appropriate time delay and visual or 
audible alarm. 
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6. CX)MliUST ION CONTROL SYS7 tMS 



Control of the combustion process requires control of variables that affect the process (Table 14) Not 
. all of the y»nib\^ can be controlled. For example, in most plants, tree species of the fuel cannot be 
controlled. Some important variables, however, can be controlled. 

Generally, control sys?fems have two goals: control of the variables within specific range limits (for 
example, cqntrol of excess air in a range from 40 to 75 percent); and maintenance of uniform Icvils of each 
variable (for example, keeping the fuel well mixed sq that the average fuel size and moisture level sUy 
constant). 



Table 14. I^actprs Affecting the Combustion Re- 
action/in Boiler Installations Fired by Hogged 
l-'uel . • 



Identification 




I'UliL-IUiLATl.i) I- ACTORS 
Species 
Size 

Moisture content 
Ultimate analyses 
Proximate analyses " 
Heating value 
Method of feeding fuel 
Distribution of fuel in furnace 
Variations in fuel feed rates 
Depth of fuel pile in furrtace 
Separate firing practices 
Auxiliary fuel usage 

AIR -RHLATliD FACTORS 

Percent excess air „ , 
Air temperature 

Ratio of overfire air to underfire air 
Turbulence of air 

Flow relatiim between forced-draft and 
induced-draft systems 

OTIII-.R FACTORS V 
Cleanliness the combustion system 
Basic furnace design 
Maintenance of components 
Steam generation rate 
Steam drum water level 
— - '■ ■ -:?*r 




y 

10 

11 

14 
.15 
" 16 
36 
37 
38 
39- 
40 
44 

47 
51 
51 
53 

53 

54 
55 
5S 
55 
56 



ff^. Fuc^Rebted Combustion Controb 

Fttd SkMj Control ; ^ 

Four fystcms can be used to conti^ol fucl%izc. 
•crcening fuel to separate the oversize pieces; 
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hogging the large pieces to reduce their site; fttixir^ 
the fuel in the storage and traniport systems to 
maintain uniform siie; and maihtaininc ieparate 
fftcilities for storage, transport, and feeding of 
sanderdust. 
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iMgiirc I 2. Sysleni lor preparing hogged luel. ^ 

1 . Pile ol rough fuel.' . ' * . i 

2. Metal dctvctor. ' . ^ 

3. Separating screen. ► 

.4. Hog lor pieces too large to pass tluough (he separating screen, with conveyor to recirculate hogged 
pieces. % ^ 

5, Conveyor for material that passes through the separator screen. ^ • 

6. Storage f^)r hoyged fuel . ^ " 



Screening and hoggiit|( operations generally 
are conihinecl (figure 12). In Figure 12, nol'e the 
Uietal (leleclor aiiead ol* the screen. This protects 
the hog and the rest ol the combustion system 
troni (lanyjLmetal. . 
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liogT^ire usually hammer type, as they have 
leaver mainlenitnce problems than knilc hogs, 
Power requirements range from 25 to 1,500 
horsepower. Power requirements increase with the 
rate of material flov^ and with size reduction 
re(|uirements. 

Separation of sanderdust and other fine mate- 
rial thai is produced by s|)ecitic process operations 
serves two purposes. Small, dry particles create 
severe dust problems, unless storage and transport 
facilities are designed for dust control, fty scparat- 
iw^ this material and handling it ii^ a controlled 
system, the dust problem arvl expl€>6ion potential 
c'dw be substantially limited. Also, small dry* parti- 
cles burn rapidly and/ therefor^, consurhe oxygen 
..jjrapidly. If'^ndcrdust is fired in a sepiarate burner, 
. *the proper air-to-fuel ratio can be maintained for 
^ ?ood combustion. If sanderdust is mixed with 



Hoggedifuel, proper air-to-fuel ratios are difficult to 



Fuel Moisture Content Control 

As with size, fuel moisture can be controlled 



water off^ the fuel on a 



with several methods: 

Vibrate 'loose 
shaker screen. ^ 

Press water out mechanically. 

Drive off moisture by heating the fuel in 
fuel drycr?>. 

Cover the fuel storage pile to keep rafn 
water out. 

C\)ntrol the processes that generate the' 



fuel to limit water addition toihe fuel. 
Mivthe fuel so that momi 



.maintain. 



lure content is 
uniform over time, 
, Each of these control methods is self explana- 
tory, and each has limitations. Vibrating off water 
may be effective when the moisture content 
exceeds 55 percent. If the process that generates 
the wood 'adds large quantities of moisture (for 
example, hydraulic bark)ing)> this can be an inex- 
pensive and low-maintenance apprQach to control 
of surface moWture. - 

Presses alfo are limited in the amount of 
moisture they can remove. For most hogged fuel, 
pressirtg can lower moisture lefVels to 50-55 per- 



tvnt. Heating the ruci can reduce moisture content. 
Moisture level maintained in a range from 25 to 35 
percent is usually adequate for good combustion. 
At levels below 20 percent, significant. dust prob- 
lems can occur with "fines." 

Heating-type dryers have, the potential for 
generating pollutants of three types: if the wood 
fuel is overheated (above 300 F) the volatile 
organic material will evaporate and go out of the 
dryer with the exhAst gas stream, which may 
(dondense in the atmosphere to form a visible 
plume; dry "fines'' may create a dust i>ollutant 
pr()l:^lom; and, if the dryer is fired by a separate 
combustion system, products from the combustion 
process may become pollutant emissions. 
i C overed fuel* storage will keep rain out of the 
fuel. and . this can be a significant benefit in wet 
' climates. Thq disaxl vantages lie in cost of the 
sliucUuc an(J access to the fuel in event of a fire in 
(he pile. If fuel is put through a drying system, 
particularly one that reduces moisture levels to less 
^ than 45 percent, covered storage of the dried' fuel 
in;iy l)c desirable. ^ 

Control of water additions to fuel in produc- 
tion processes is usually difficult. For example, 
hydraulic barkii\g amnot be replaced by mechani- 
cal barkers* at most plants. There is a trend, 
however, toward dry-deck log storage and sorting 
rather Jhan ponding. This reduces moisture levels 
in wyod residues. By careful inspection of the 
processes that generate wood residues, it may be 
possible to locate other sources of water additi9n 
and to reduce these sources. 

Adequate fuel mixing can be accomplished by 
spreading fuel across the face of a pild -and 
rcirtoving the luel Irom a central pickup point. As 
noted previously, mixing brings about uniformity 
in both size arid moisture content. This adds to the 
stability ol the combustion process. / , 

Maintaining Fuel Heating Value 

Fxperience has shown that Btu content of 
hogged fuel can be reduced substantially by storing 
it for long periods at high moisture levels. Accord- 
ing Itf one study. Douglas-fir hogged fuel lost 7 
percent of its inrtial heating value over 10 months 
(7). As a rule of thumb, hogged fuel should not 
remain in a pile in excess of 3-4 months. 
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A first-in first-out system for fuel storage is 
effeclm: in limiting storage time. For most plant 
sites, ^^is requires addition of, or changes to;^ 
conveyor systems. Figure 13 illustrates one such 
scheme for fuel storage. 




Figure 13. System, to limit fuel-storage time by 
insuring tliat fuel t'irst into storage will be first out 
to be burned. (Radar Pneumatics (^^ompany, Port- 
land, Oregon.) ^x >i 



Control of Fuel Distribution in the F^urnace. 

The methods applied to contfol fuel distribu- 
tion *in the furnace are. of course, dependent upon 
the basic furnace design. In Dutch ovens with 
center feed t4iutes, little can be done to alter the 
placement of fuel over the grates. Ideally, ^lie pile 
should be set squarely in the center of the 
refractory and symmetrically about tjie underfire 
air feed system. If the fuel chute is off center arid 
piles fu(;l in a Corner or to one side of the oven, 
combustion will not proceed uniformly in the pik^ 
^Corrections for better distribution of fuel in Dutch 
ovens are usually expensive and must be made with 
a. cold furnace. 

For spreader stokers, most^ systems have 
manual adjustntents for fijygJ distribution. Mechan- 
ical spreaders can b? sloweo^ increased in speed, 
Baffle plates often are provided tp control* the 
angle at which fuel is injected into the furnace. 
Other adjustments arc sometimes available to set 
the width of the fuel path. These same variables are 
often available on pneumatic spreader systems. The 
most important control, however, is the operator. 
By inspecting the fuel pile through inspection and 
cleanout ports, he cah determine Ihe uniformity of 
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„K available Co replace operator sk.lU .n tlus 
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is ccjually important. The small si/e ami dry nature 
oj ^CiiuJmiust result in very rapid combustion. 
Sufficient. air jinust be supplied at tfie right place to 
completely burn tTiis material. Large quantities of 
excess air must be avoided, however, as they, too, 
xan upset the combustiorT process, A wellnlcsigned 
system incorporates variable airflows that corre- 
spond to 'rt?quiremcnts for the full range of 
saiulerdust feed rates. » 

Good parade suspension. The firing system 
should separate individual particles of sanderdust 
*as tluy arcMiijected into the furnace. This is 
necess:iry to mix particles with combustion air. 
.Separation usuaUy i^ acgompiishcd with swirling 
vanos or a cyclonic type of feeding system. 

Location in (he /lame zoiie To complete the 
combustion reaction, sanderdust parti/ules must be 
^ exposed to high temperature long enough to burn 
completely. Ihis occurs if they are injected di- 
rectly into the (lame in the furnace. If, however, 
thoy enter the furnace at a point where they are 
not exposed to llame temperatures long enough, 
combustion will not be completed. ^ 

Pil()nitlh( rcquirentenis. Many boiler installa- 
tions incorporate a pilot light system for sander- 
dust burning. For .safety, thi^s is desirable. For 
Combustion, pilot lights probably do not add 
significantly to the process. Their prime function is 
to avoid an explosive situation in the furnace under 
fluctuating conditions. 

Difficulties ^^;4i^rienced with sanderdust firing 
usually can be traced to failure to recognize the 
unique properties of this fuiil and to provide 
adeciuately for them. 

Cinder Keinjifction 

Attempts to improve combustion conditions 
through cinder rcinjcction may have negative re- 
sults. As notecf previously, carbon particles do not 
burn rapidly. They are generated in an Atmosphere 
of incomplete combustion, To send a low-grade 
fuel back into a furnace with poor combustion 
does not improve combustion conditions. Some 
procedures, however, are helpfuJ in limiting the 
negative effects of cinder reif\jection. 

Qassifying the cinders is probably the; most 
beneficial. This process separates the combustible 
material from the noncombustible, inorganic con- 
stituents. Typical classifier installations ha^crotat- 



3V 

ing or vibrating screens that separate |)articles by 
si/e. Small partVles are considered to be high in 
noncombustibie Vnaterial. Urge particlo*{ are high 
in carbon a/id are returned to the furnace. 

A particular ac\ij*rtiigt of classifying cinders. is 
that the process removes awasive material frori the 
fuel. If the noncombustibie silicates and m^allic 
oxides are cycled around tjie system, from the 
furnace through the heat exchangers and multiple 
cyclones, severe erosion can occur. This causes high 
^maintenance, particularly to collectors and heat 



exchaijlger tubes, 

/yithough n6 
fired )^\t\\ hogged 



assifying limits this problem, 
commonly done (or boilers 
uel, crushing carbon partfcles 
before reinjecting \them has. an advantage. The 
purpose is to gain tlie maximum possible ratio of * 
surface area to yoluhie so that the material will 
burn rapidly. Note t\iat^this procedure is com- 
monly used in largfe, toaJ-fired power plants where 
the coal is pulverized \to line powder before 
injection. Liirge carbon pt^rticles have low density 
and vviU be suspended in the exhaust gases. Atf they 
burn ^lc>wly, they may not|be in the (lame long 
enough to burn completely; in the furnace. Small 
particles, however, may be in the 'llame long 
. m^ough to burn completely. 

Providing a proper cinder injector is as impor- 
tant to combustion as designings a proper fiil or 
sanderdust burner If t\vt carbon particles are*^> 
pulverized, they must be jropcrly suspended and 
provided with an appropriate fueMo-air ratio at the 
place where combustion occurs. A well-dc$igncd 
system should include storage bins and feeders that:, 
can assure a continuous and controlled flow of titis . 
fuel. Proper turbulence should, be available f^ 
good mixing during combpstion. f 

Control of the Combustion Process With Auxiliary 
Fuels I • 

When auxiliary fuels are used in conjunction 
wi^h hogged fupl, the combustion process becomes 
more complicated. Two areas are of particular 
concern: ash buildup and ^vailability and control , 
of combustion air. 

Auxiliary fuels used ate predominately resiid- * 
ual fuel oils. Natural gas and coal, however, are 
4Jsed also. Tlie recent sliortage of fossil fuels in 
general has resulted in plants receiving residual , 
fuels with high ash contents, up to 10 percent. This 
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c;in coiUriluitc about 2'/: times the umoiml ol ash 
per Htu ol heat inpiit\is normal hogged luel. Plahts 
that lire a eombination of hogged fuel, residual oil, 
and sanderdust may experienee heavy deposits of 
.slag on heat exchange tubes. These deposits con- 
tain high concentrations - of calcium sulfide 
(calcium from a!*j in the fi^l and sulfur from the 
auxiliary fuel otY). The higl\furnace tehiperatures 
associated with .use of auliliary fuelT oil may 
contribute,to formation of this slag on'silperheatcr 
, tubes, l.oworiiij; the maximum steam generation 
rales niay help to alleviate • this problem, as it 
would result in lowered furnace temperatures. Use 
of luels with lower a.sh content also would help, if 
such fuels were available and economically attrac- 
tive. 

When auxiliary luoLs are used, timy are fed 
through es|)ecially designed burners (hat, should 
provide ade<|uate primary and secondary air for the 
particular luel being firm. Combustion air required*^ 
tor hogged-Afuel should not be used to burn 
auxiliary luel. Conversely, auxiliary fuel butners 
should im be used to supply air for burning 
hogged fuel. Air should be provided at the point 
whore combustion is occurring and with suljiuicnt 
turbulence for good mixing. 

In Chapter 3, combustion, calculations were 
made for hogged fuel with a particular ultimate 
" iHialysis, Residual luels will have completely differ- 
ent iiltiniate ai^alyses, with^cnerally.iiigher carbon 
contents ahd lower oxygen contents. Combustion 
products as measured in the flue gas will be, 
therefore, substantially different for oil than those 
lor hogged fuel. As the carbon dioxidc'or oxyg^i 
content ol , the Hue gas is used normally to 
dotermine/the percentaV' of excess air in the 
combus|>/n process, care must be exercised to, 
avoid rWisinteri^etation of the data when auxiliary ' 
fuels a* used. For examp^, 12 percent carbon 
dioxide Vj equivalent to 50 percent excess air for , 
oil-fired piarlts. For hogged fuel, 12 percent carbon 
dioxide is equivalent, to 70 percent excess air. 
F-urthermore, as flue gases from combustion of 
hogged fuel w,i1l mix rapidly with gases from 
auxiliary fuel, it is difficult to determine through 
flue gas analysis which fuel has an excess or a 
deficiency of air. . 



Air-Related Coitjbustlon Controls " 

\ Air-related combustion cojitrols are con- 
cerned with percentage of excess air, air tempera- 
ture, ratio of overfire Jo underfire air, air turbu- 
lence, flow relations between forced-draft and 
' induced-draft fan systems, and maintenance of 
boiler components. 

r 

Percentiige "of Excess Air ' 

The first step in controlling excess air is to 
monitor the products of combustion (airbon diox- 
ide and/or oxygen). The data cin be used to adjust 
excess air levels to provide optimum conditions for 
combustion. Without instruments to monitor the 
Hue gas constituents, excess air can be controlled 
only by gues.swork. Note that it is necessary to 
measure either carbon dioxide or oxygen, but 
measuring both is unneces.sary. 

. The signal from a Flue gas analyzer can be 
u.sed as a control signal fed directly to controls for 
the forced-ilraft and induced-draft dampers (Figure 
14). As an alternative, the signal may be read by 
the operator, who the*n makes manual adjustments 
to the airflow controls. The type of airflow 
adjustment depends upon the design of the boiler 
(that is, Dutch oven, spreader stoker, or other) and 
the equipment available to regulate the combustion 
process. Obviously, the process cannot be con- 
trolled without adequarte fans, dampers, and posi- 
tioners, and, sufficient instrumentation to provide 
status data to the operator. 

Regulating the percentage of excess air is 
simple. As the level of carbon dioxide drops, the 
rates ofi^verfirc and underfire airflow are reduced. 
(Note thkt this is dejHJndent pn the design of the 
furna>:e and the firing equipment available), For 
many hogged-fuel furnaces, the desired set point 
for carbon dioxide is, about 13.5 percent (or 50 
percent, excess air). When (evels of carbon dioxide 
"igo above the set point, the airflow rates sliould be 
increased. 

• The concept of controlling percentage of 
excess air is simple to grasp. AccompUshing this 
task continuously for a given boiler installation is , 
generally not so simple. Typically, a boiler has 
continued variations in steam generation rate, fuel 
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Figure 14. A flue-gas analyser used to control clampers for induced-draft (I.D.) and forcednlraft (F.D,) fan 
systems (13). 



moisture content, luci si/.e, luel heating value, 
amount of ash buildup on grates and in heat 
exchangers, and other variables that affect combus- 
tion. . ■ ^ ' 

These • variables complicate the control of 
excess' air on an automatic, continous basis. A 
skilled operator, however, using information pro- 
vided by continuous Hue-gas analysis, can make 
appropriate corrections to the system and maintain 
reasonable combustioti conditions. Two things are 
necessary, data on flue-gas constituents, and suffi^^ 
cient' boiler controls tci^low the operator to make 
the required corrections. 

Air Temperature Control . 

In most plants, the boiler operator has no 
means of regulating air temperature directly. If a 
preheater is part of the system, it normally is u^ed 
to its full capacity. If there iff no preheater, the 
furnace myst function on colder air. 



Althougli the boiler operator usually doej not 
have control over temperature of the forced-draft 
air system, he does have control over other air 
inputs to the furnace. With few exceptions, 
hogged-fuel boiler furnaces are operated at a 
slightly negative pressure. Thefe/ore, if any open- 
ings are in the furnace, cold ambient air will be 
pullc^in. Such openings usuall^are found as: 

inspection ports, 

cleanout doors, ^ 

cracks in the casing, 

cracks in thb refraj^tory, 

fuel chutes, 

and poor seals around sources of cold 
air, such as doors, drums, pipes, and 
sootb lowers. 

« By closing sources of cold air to the furnace, 
the operator can gain additional control of the 
combustion process-^ Not only does he increase 
combu%tion-zone temperatures^ he can avoid local 
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Vcokl spots'' that acid to nuiintenance problems, 
and ho is bctica able, to control .excess air. Note 
that inliltralioii (leakage) u^as'alPK)!* the detri- 
jnental characteristics of cold, excess air, but, 
provides none of the benetits of excess air. 

Controfling t\\c. Ratio of Overfirc to Undcrfire Air 

Control of this variable must be accoinphshed 
*with properly installed fSms, air ducts, and dam-- 
pers. The defign is dependent upon Uie type of 
furi4iice. Spreader-stoker furnaces an^J suspension 
systems require different ratios of airflow distribu- 
tion than do4)ut^^ovens. 

JpJl' operat(^)r is concerned with several opera- 
tional problems'' regarcfint; t1ie distribution of air in 
the forced; draft system. For wet fuel, adequate 
underfire air must be provided to help drive. off the 
moisture froifl the wood. For poclpp^-spreade^ 
systenis, sufficient overfire/?\ir il|iistbe provided to 
distribute the fuel. As'ash W fuel builds up on the 
^grates, underfire airOow will be reduced. This is 
caused by Ipsscjied pressure across the grytes and 
ash. Reduction of underfire airflow also inay mean 
a proportionate increase in ovcn'fire airflow^ de- 
|KMulinjy;..on the fan system^sed. Overfire airwust 
♦ create -ntaxiinum turt)uk!nce\ without disturbing a.sh 
or fuel on the grates. Furmermore, the oVeV fire air 
must^e arranged to avoid impingement directly^an ' 
hot refractory or metal surfaces to limit damage 
resulting from condensation, thermal stresses, and 
t'hermal shock. * 

f ew hogged fuel boilers are equipped with a 
Ibrced-driift air .system 'that has capability to' 
continuously balance the flows between overfire 
and underfire air. For most plants, primary control 
is in keepmg the grates sufficieutly tiear of Jicavy 
ash buildup. The goal is to limit the pressure drof) 
across the grates t6 reasonable levels. This will 
assure the* flow of underfire air. Sealing leaks in the 
furnace and air systerfis also will assist in obtaining 
a proper balance. Dclitmfate design of high-pressure 
(irop (from 2 inches to ,3' inches of water) across 
spreadervstokcr gratft cim aid in insuring good' 
distribution of undergrate air even when fuel 
distribution on the grate is n^iAjleaL 



flow rates ol gases enterir>g thwiurnace. High 
turbulence is ^)btaijied when the gases are sent into 
fhe furnace in swirling patterns from higfi-velocity 
nozzles. The position and tUit directicjjn of the 
nozzles have strong influence on the flow pattern. 

- Thysc.;inlei nozzles usually are fixed, so operators^ 
have little or no control on the degree of turbu^ 
lence in the furnace, ^ino^changes can be made to •) 
the t^urbll lent -flow patterns by varying the ratio of 
overfire to underfire air. For most hogged fuel ' 
boilers,- howe.ver, t\:)ntrol of this variable, ia the 

. combustion reaction is lef( to engineers and design- 
ers of boilers. Turbulence in existing boilers f re-' 
qu^ly can be improved by addition of properly 

docaied, high'-^velocity air nozzles. - 



Cohtrol of Air Turbulence 

^ turb'ulent patterns of gas flow are brought 
about by position, direction, velocity, and mass- 



Control of Flow Relattons Between Forc^-Di^aft ; 
and Induced-l^raft Fan Syst^nis ' ^ ' 

Forced- and induced-draft fan systems shotJ^ld 
be operated so as to provide a pepper amount :of 
excess air for good combustion. For most boilers 
fired wjtii hogged fuel, an appropriate range would 
be from 40 ♦percent to 75 percent excess /Tir. . 
Second, a slightly negative pressure in the furnace 
is desirable to keep the product!? of combustion jn 
the furnace. This is particularh^; / true o#' old , 
furnaces^that have many leakage points/ Under 
sUch cia^umstancesi ; ^^xcessive negative fiurnace , 
draf4 adds undesirable inf^iltration air. On new 
furnaces with convpletcly seijled exterior casings, tp ^ 
^ maintain negative furnacfc draft is not nece^ssary. 
Third, these fan' systems ' should maintain Han * 
adequate amount of turbulence in'^lie'corabustion . 
^ zone. Last.^hey should provide Auffjbient;^^ 
distribute fuel properly in.spreaitl^r^s^oker furhacbs 
with pneu^iatjc ^readers. , Habh \of ^thtp critefia *^ 
should be meHhroughput the.'fiiUjr^^ ; 
generating rates for tl\e boiler; Furttie;)pl';fh^ fi)rced-V, 
draft and induced^lraft systems imuj^tvbo .jfb^fiVo /,, 
respond to load vyiations rapidly, . ; ; 

If the critcrja^for these sy^teniis;are to Up^ m 
nhe fan sylstems;niust be equipped \^ith cal»i:|ratedVi:)- 
/ , automatic controls. An pjperdtor cahnot , malf^;; 
rtianua] ,irtljustments to control aii*fiow" cjampbrs^' * 
with the speed' or accpracy, that -is re^^uired \t6; 
maintain proper, air balancites througlioiitithe fuli . 
. rangd- of operating loa^ls. The pohtrpis shoMj'd be 
projicrly rn^tfin twined. ^egul^rly schedMlfcjiiCleanirigi ; 
lubricati^ig, and calib^fatiori should |)c ilbne by V 
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p^-y A^r ,*ll.,ta,,ts jrc classed cither ,s liiseous poUul.„ls ;or parHculate pollulani,. l1,e „,„,l,„„i„„. 

procc. g<=ncra cs b^lh G«eom poll„,„„,,, include carbon n,onoxide,(CO,); sullW dioxide (SO, ) ox d e o 
.rnilroKfjJ (NO, ), and unburned h>fdrocarbon gases (HC) - ^- ' • ' P' 

: , .;|)Wi<!«|ite itoliutants-ar^ defi.isd as^ny ni.lcri.1 Hal ixisis ili the liquid or solid slale under siandard 
, ,,„ul,JW.,,s 0 .enjneralurc ^„d pressure ahd is .emitledMo. Ihe atmosphere by the prol ss t.SmW 

k ':'^':,!':^'*' ''r "V^- " e^erany ™hsidered an 'ir ontam ,^ T 

,dd ,M ,<,,v. nyash, un(,„r,«xl carbo,,, condensed dropletsof liquid bydr S s I . 

,1 mel,#c,s;,tts,AI!.t,f Ihcse-WatetialS are products of the comb.,s'ti»n of hogsccl fuel ' 
J ^ r,i>'- i"'''?''-'?,''^ pollMlants from boilers Tired with hogged fuel are n.inhnal, and not or great 

I . t ,nee,n, e,s,,ee,a ly. trom well- Operated urii'ts, •Regulations perlairung to these arc discussed in C1,a| te, • 
Jdl,,,K,„ o,,,,rol geneotlly are installed on hogged fuel bo.lers ,„ control gaseou. co^Zl^i™ 

: ■ ,„„ be sul>star)tial..Any major upset in stable con.bus.ion cm 

g.enera(Waree ,r,,f,„nts0t cin;bon andvunburned hydrocarb-.ts. Devices » e.rnstalle.l oh n, rs 

■ fH^- P" IW^nls Thte control devices ge;ieraMy tall into one of lour categ<,^ e s ' ' -, , 
.. ,«<vbbers^ bagl,ol,se.,il,ers,:a,id clecj,.«(.ljc pftu-p'itat^rs. Had, ot these will be dlscussE^.d 

■ , Ol the tou.r:c.;,ffg<meSV (l,e.eycli^^^^^ nrult.ple cyclone devices are the most pc^pular. TIk^. are th'e 
Ids , expensive, fe.,u,r« rt,e snKillcst ;an,ounl of physical room, have few moving partx to ^wear o.M ' and if 
''^-''^ttl^r''^' rnalntalhed. can be rCsonably efllcieot, ,But, ,m,le,ss the cotnbt'stion p oc' s we I ; 

,-,.,,| r„n,g,anee of a particular boilc^ so tha't resultmg emissio,, c ow l"^: 
,.,«mtro dendes cannot guarwtcejoibring boilers into corr.pliance with stringent emission rcgulat„,n, ' 
: ' control devices l« toward use of Scrubbers in comhinat.on w,th 

'^^M^^. '^'^'ilfif^^^^^ -'"""atod boHer equipr„ent:, tn.controlled r 

'S^S\^Th^^^ ^'""seru emission regulations, this 

. Wstcn^ scents to be Ipast expensive in guaranteeing compliailcc. Bagjionses and electrostatic precipitators 
' W.terally -,re wit ctynsidcriid practicable at this time Imd are u,scHl only rarely . • • '"^'r^'I'dHors 

■■div,cfv"?h'l''''*'^7'i^"^ ""f o' ""' °' "'O^' 'yP« of control ' 

' It ^ ' ' ''"■'""^ l,n.itation,s,;;r,oWever. If. the combustion proc-e* is pooWy contro led 

a d 8 ncrates excessive antounts of particulate mitoial. the pollution control devices may be itriiS le o 

■ c^lSjSr""""''; 9p.*ustipn ,ontrori..s importan „eeting endssil st.rda Js 1 1: 
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T\\t d^,^i;1^cr\(^^of polfutioh'c'ontrol devices 
to a^i^Q extent ori tharidteristic^of' tlie'^ 

fherefore, we 

V,: ;f »ould ,;Url(;|Kst«li<l some of Mhcse charaoterisUcs 

' sc^m. to be'a^iniple Concept- When' we 

-l.*?^.^^ -^41** of soijlething we generally 



... .a typewriter is abou;l 850 t^icrons in ciianicter; A 
.;. ) ' typical particle ofnyash miglVtbc; 15 niicroiis. • - - 



)ilcr may range from 



r ■> : vrf?' ^^'fi w micWns. whidV are units 

t?> j/^>W,aO(> meter. A period froifT 
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Flyash particles from a- _ „ . . 

, less than I micron to more tljan lOO microns. To 
determine particle size, rhany parljclcs are meas- 
ured and the results are averaged. I>artrcle size may 
be stated as an average or mqan siie, or size may be 
exprcssed in terms of weight fractions with as- 
sumed shape and density. : ' 

.Density .: • * • ■ • 

Density refefs to how much a substpce 
weigf^s per urfit of •volume. Water has a density bf 
62.4v|jj^>fttds per cubic foot, but the cLensity of air 
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IS roui>hly 0.08 pound pier •<:ubic toot. Density o\ 
panicles is important, l)ecause it affects the coHocr 
tipn efficiericy of pollution control devices. Low- 
density particles are fhore difficult to collpet th^n 
high-density ones. V- ^ 

Settling Velocity 

The maximum swd that a particle can attain 
when it is failing throflgh quiet air is its settling 
vclogty. Liirge, dense particles, such aS bricks, can 
achieve a high velocity. Cigaifflte smoKe, Q;n the 
otlH*r hand, contains very small partigles andjis not 
(^Icnse I his combination gives the appearance that, 
smoke p;ir tides do not settle at all. A'ctu^illyvthey 
do settle; but very slowly. Particles that settle at 
less than I centimeter per second are consiclercd to 
bv aerosols. 

Resistivity. 

Resistivity of particles is related to their 
ailiility to carry electrcfn charges. It is orJy of 
c(>ncern. irivthe u^e of electrostatic precipitators as 
,polIution control devices. Some p^tjcles can ac- 
te'pf' electron charges, othar^, cannot. Hogged fuel 
fiyash has only limited capability to accept elec- 
tron charges because oFits resistivity character. 

Adhesive Character ^ ^ 
i' ' Some particles are naturally sticky. Under • 
proper condifions of temperature and moisture, 
'they 'will adhere*' to themselves^ and to other 
surfaces. Such particles may be easy to separate ' 
frpm an airstream; but difficulty remoye from the ( 
control device. Most emissions from hogged fuel 
boiler<> present no such problems: Only higli levels 
of un burned hydrocarbons pr^ent problems that ; 
are apt to )be severe. 

Particle Strength 

A .major difficulty with fixed cirbbn particles ^ 
is that they break easily into siB^ller particles. 
Miivchanical;proccsses where rubbing, abrasion, ''vi- 
bration, or crushing occurs can have a m£Uor effect 
on the srze of carbon particles. This is of concern' ^ 
Tn control devices of ^ systems for collecting a^d 
handling\jqarbon^ . ]^ A 

Particle characteristics of siz^j^f density^^t- 
tling velocity, resistixi^y, adhesive ^haracter^ and. 



stfength Aw Wave a bearing on the selection of 
appropjflate barticle-colledion e<iuipment. This will 
become apparent in discussion of the variqlis 
CQntrol\jevic(i5, $ - ^ 

Cyclone Separa tors 

The most common particle^control dpvice in 
use is the cyclone separator, which cyclonically 
separates particles from exhaust gaSes. As shown in 
Figure 15, the pafticlo laden gas enters the top of 
the cyclone. . Th(i tangential inFet (or inlet guide 
vanes) spins the gas stream in a helical path down 
the inside. The particles in the gas ^tream are 
forced to deviate^ fro mi a straight pathv^/ay as they 
rotate about the- cyclone axis. Their resistance to 
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Eigure IS. Cycldne. collector for particle^ in flue 
.gases (9). [\: ^ -^^ 



change in direction causes the particles to migrate 
toward the cyclone walls. As they reach the walls, 
gravity and the downward motion of the gas 

• stream carry them to the bottom. The gas stream 
, changes direction as it approaches the bottom and 

goes toward the discharge rfTaFeturn VQrtex. 

Many factors affect cyclone efficiency. Six 
important ones are discussed here. 

Diameter of cyclone. As cyclone.^ diameter 
ItKreases, particles must travel further through the 
^ air stri^am lo reach the wall. Therefore, increasing 
gjlianietcr reduces collection efficiency. 

Length of cyclone. As cyclone length in- 
creases, the gas has a longer residence time. Longer, 
residence time means more time for the particles to 
nin/vc through the gas to the wall. Thus, indfeasing 

* the length of the cyclone increases efficiency. 

I](iriicle disengaging zone • When pjjirticlcs 
reach the bottom of the cyclone, they drop out 
under the Jorce of gravity. If a bin or collection 
chamber is af the bottom, the return vortex may 

• dip into the bin and recntrain particles in the exit 
gas stream. To prevent this occurrence, some , 

• cyclones are equipped with dtsengaging zories at 
the outlet. As particles reach the bottom of the 
first cone, the^ drop into a second one. Their 
helical path sends them to the periphery of the 
secpnd cone, away from the return vortex. This 
reduces the ehance of reentrainment and' increases 
cyclone efficiency. * , * 

Flow; rates of the gas stream Cyclones are 
designed t(^ operate witl^in a, range of gas flow 
rates. If the gas flow rate is\too low, the particles 
will not experience sufficient centrifugal force to 
separate them^rorn the carrier gas. If, on the other 
hand, flow rates are too high, then energy is wasted 
in a drop in pressure across the unit, and the high 
flow rates may disrupt the return vortex 
configuration. This will reduce efficiency also. 
Manufacturers' desigr^ criteria should be followed 
to see that tl^e cyclones are used within the 
specified range of gaseous How rates. 

Push- or pull-through systems/ Cyclones can 
be operated either as {)ustHhrough systems or, 
under vacuum conditions, as pull-through systems. 
Theoretically, thore is little difference in effi- 
ciency. In practice, however, push-through systems 
arc Osually more efficient, because, pull-through 
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^GAS LEAKAGE INTO 
CYCLONE DISCHARGE 



Figure 1.6. In pulNthrough cyclones, leakage 
' through vacuum seals at the discharge point for 
( particles will lead to their re-^ntrainn^ent (9). 

systems must have vacuum seals on the bottom of 
the cyclone where the particles are discharged. If 
leakage occurs on these seals, air will leak into the' 
cyclone at this point and reentrain particles (Figure 
16). Because leakage is likely to occur at some 
point on a pull-through system, such'systems tend 
to be generally less efficient than push-through 
systems. On hogged fuel boilerii push-through 
systems subject the induced-draft fah to extensive 
abrasion .from particles in the flue gjjfs. Therefore, 
puJI-through systems normallj( ar^sed. 

Particle cltaract eristics. As noted previously, 
size and density of particles control their settling 
velocity. Particles that can settle rapidly out of an 
air stream are easily ca|)tured in a cyclone separa- 
>tor. They can cross airstream line^and reach the . 
cyclone walls during the residence time of gas in 



4«- 



100 




0 . 20 40 

PARTICLE SIZE, MICRONS 



Figure 17. Relation, of particle size to collection 
efficiency of cyclones (9). 

■ >• 

the cyclone. On the other hand, small particles 
with I6w .settling velocities may not be able to 
reach the cyclone walls in the brief time that the 
gas is in (he cyclone. Figure 17 illustrates a typical 
curve of cyclone efficiency for various particlfe 
.sfzes. Note that for*a typical cyclone, particles 
whose diameters exceed 40 microns have a 99 
percent probability of being- captured, Particles 
whose diameters arc less than .1 0 microns have on^ 
a 64 percent probability of beihg captured. If this 
particular cyclone \))ere used to separate sanderdust 
from an airstream and the mean size of the 
sanderdust was 7 microns, the cyclone efficiency 
would be about 53 percent, 

^Ptikgging. Pneumat ic transport systems are 
designed to handle a cpntinuous flow of materiai| 
without plugging. B^pcause of mechanical difficul- 
ties, however, most cyclones will plug o.n occasion. 
Whenever this occurs, the full concentration of 
incoming particulate matteV is exhausted from the 
cyclone, usually to the atmosphere. I 

Alth9ugh other factors can affect the colleo- 
tion efficiency of cyclones, 'tfiese seven factors ar^. 
the most significant and jdeserving of attention. 'M,- 




Figure 18. /Simplified diagram of a ' multiple 
cyclone. * 

Multiple Cyclones ^ 

• ■ 

Multiple cyclones are particle collection sys- 
tems that have more than one cyclone, duoted in a 
par;illel-fiow arrangement. Usually, the term is 
applied to systems that contain from 50 to .250 
small-diameter cyclones, enclosed in a single box. 
A typical multiple-cyclone installation is pictured 
in Figure, 18. The inlet gas stream is -ducted to a 
mahifoW cyclone inlet. The gas streann entering 
any individual cyclone is directed into a helical 
path through inlet guide vanes at the top of the 
cyclone. This path provides the centrifugal force' to 
separate the particles frohi the gas stream. As with 
conventional la>ge cyclones, the gas stream moves' 
downward and then reverse? its direction and exits 
the cyclone in a return vortex. Particles that are 
removed from the gas stream drop out of the 
bottom into a hopper or bin. 

The "purpose of using a multiple-cyclone 
systerj^^l||er than one or two large cyclones is 
that rtumpfe cyclones have much smaller diam- 
* ct«frs on each individual cyclone. This increases the 
efficiency of partifcle collection, particularly with 
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small particles. Many small cyclones arc required to 
liarulle a large gas How because of the flow 
limitations of each small unit. Figure 17 illustrat(«^ 
a typical collection-efficiency curve for multiple 
cyclones compared to standard large cyclones. 

The factors that affect efficiency of a multi- 
pje-cyclone installation are much the same those 
that affect efficiency on large single units,\ There 
are other considerations, however. ^ 

Most multiple-cyclone installations on hogged 
fuel boilers are installed upstream from the 
iiuluced-drafl Ian. This is done so that air entering 
the fan 'will be clean, thereby limiting erosion on 
(he fan. This means, however, that most of the 
•multiplo^^cy^Mone installations are operated under 
vacuum conditicifns. Therefore, any leakage in the 
hitv or collection hopper at the bottom of the 
cyclortes .will result in reehtrainment of the pai^ti- r 
cles and lower collection efficiency. Particular 
III tent ion' sl\ould be paid to sealing inspection 
|X)rts. 

Leakage* into a collection hopper not only 
ictluccs efficiency, iUilso increases the danger from 
fires in the hopper. The gas stream jn multiple 
cyclones is usually oxygen deficient, becaus« it has 
jusl cohie from a furnace and combustion process. 
I he hot bits of unburned carbon usually will burn, 
nipidly, if subjected to a stream of fresh air from a 
leak in the hopper. 

Removal of material from the hopper must be 
able to keep up with the rate of input. If not, the 
hopper will plug and eventually the individual 
cyclones also. Most hoppers have inspection ports 
or other means of noting when the system plugs. 
Individual cyclones also can plug, especially if they 
are of small diameter. 

A great disadvantage'Sifrfhe design of multiple 
cyclones is Jthat they are encased in a metal box 
that prevents regular, visilal inspection of each of 
the cyclones inside. Because the material that they 
jljemovc from the exhaust gases contains small 
amounts of ash and sand, abrasive damage to 
individual cyclones is a common problem. Multiple 
cyclones can be eroded completely witho||t opera- 
tors being aware of their condition. To keep tb^m 
in good working condition, a regular, visual ii^ec- 
tion of each cyclone is recommended. This is, of 
course, difficult to do when the boiler must be 
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kept in service continuously with minimum shut- 
down time. 

^ Uneven gas distribution to multiple cyclones 
can decrease their efficiency. Substantial variations 
in inlet pressures from one point in the multiple- 
cyclone box to ifnother will result in improper Oovy 
patterns of the flue gases. Flue gasCs wilt How out 
of the bottom of a few individual cyclones, into 

'the hopper, and back up through the bottbm 
outlets of other cyclones, with substantial reen- 
trainment resulting-. 

Scrubbers 

As noted previously, small particles with low 
settling velocities are difficult to capture in cyclone 
separators. Large particles can be captured with 
relative ease. Otije approach to. particle control is to 
trap small particles on the jjurface of large particles, 
such as l^^d droplets, and then collect the large 
particles, rnis is done in devices referred to as 
scrubb(^rs, or '*wet scrubbers/' as most scrubbers 
use a liquid to capture the particles. 

The design of scrubbers seeks to optimize* 
three parameters.*' surface area of the liquid, con- 
tact between particles and liquid, and collection. of 
the liquid. 

Surface area of the. liquid exposed to the' 
particles can be maximized by spray sht)wers 
(Figure 19), venturi scrubbers (Figure 20), and 
other systems that convert the liquid into small 
d/oplvts. (Note: a gallon of water sprayed into 
droplets the /size of a period has a surface area of 
/about 300 square feet.) Alternative^ means of 
Wreasing the liquid surface area ''include water- 
curtain scrubbers and foam scrubbers.* 

The particles may be .fe>rought into contact 
with the exposed surface 'bf the liquid as an 
integral feature of the scrubber. For example, in 
venturi scrubberij^the area just downstream from 
the throat of the nozzle is extremely turbulent* 
The turbulence increases Ihe probability of contact 
of individual particles with liquid droplets. As 
another example, in spray*nozzle systems, increa^ 
ing the pressure drop across the nozzles ihcreasei 
the velocity of droplets fofmed by the nozziek The 
higti-velocity droplets will impact uppn particles 
carried in the gas stream. Some scrubbers use 
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FiKure 19. A casaiding shower scrubber for. increas- 
ing the eff kiency of removing small particles frpm 
giises. ' ■ ^ ■ 

mcchan.cul tans to aid in bringing the liquid into 
contact with particles in the gas stream. 

Collecting The liquid in the most effic.en 
.nanner' is not ditticult to accomplish because of 
the size of the liquid droplets. A properly designed 
cyclone system works well in conjunction -with 
venfuri scrubbers and spray-shower systems^ fcn- 
closed liquid-curtain scrubbers keep ^^[f 
liouid in the system, except, for the portion that 
may go off as a vap.or in the exit gas stream. 

The liquid used in wet scrubbers .s usuaHy 
v^ter. When the systems are applied to hogged fuel 
balers, the resulting. Uquid will become basic, w^th 
a pH in the range 7.5.-10. Evaporation of the 
scrubbing liquid will take place, because of the heat 



PARTICLE LADEN 
GAS INLET 



Figure 20. A venturi scrubber system m ^h.ch 
turbulence downstream from throat increas^ the 
contact of particles and liquid droplets (10). , 
input of the incoming Hue gas. The plunie leading a 
par icular scrubber may be, but ^^^^^^ 
!.turated with water vapor. Water vapor in tWe exit 
^r:iU cidense when it -nves^nto c.^^^^^^^^^^^ 
rool ambient air. It forms tiny droplets that make 
T p^m Visible to the public. The visible p ume 
from wet scrubber systems is a serious.detr.m nt 
of the adverse public reaction regardmg 
visible emissions, » a^a 

Wet scrubVr .'y^t""^ arc d,v,d d 

into three, classes, based upor. the cttcrgy mpu to 
,1, system CM. 15), As expected, the collection 
ideney of smaU particles generall^^^ increases 
w'i 1 gher energy input to the System^ The energy 
rnput may be in the form of a drop .n pr«sure 
Lc^oss liquid spray no^^lcs, venturi sections, collec- 
tion cyclones, or other devices, 

collection efnciencies for wet scrubbers^^x- 
,end over a wide range. For use on bo.lers Hred 

Table 15. Three Classes of Wet 
Scrubbers, Based on Energy Require- 
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Description 1 


Pressure drop 
across the system 




y In. water 


Low 

M6dlum 
High\ 


^ 0-10 
, 10-30 
30-100 
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with lu)gt»,tHl lucL. syst^inis usually are designed to 
operate with overall' collection, efl'iciuncy rangmg 
Ironi 95 to 98 percent, expressed as a percentage 
hy weight. Collection {{nicienties will be higher lor 
liirge particles and lower for sijiall particles. 

' * An advantage of wOt sc?ubber installations for 
boilers. IS that they are not subject 'to fire damage. 

II hot. sparks^ carry "oVcr to ,a wet scrubber, the 
lii|uid Will cfuench the tire quickly. The obvious 
dis^iilvairtage of such systems is that they generate 
pfuhlcins of water pollution. Once the particles are 
.tupped in the scrubbing liquid.^ they must be 
leiiioVed and the liquid recirculated. FieUrexperi- 

* eiKc iiuhc.ates that the solid particles Will settle out 
ol the water in a reasonably - brief time (for 
^•N.iinplc. M) inMUites), Thus, clarifiers work well to 
M iilr the particdlate, but they are expensive to. 
viMisifin^t .SoHds disposiil from- the clariYiers is an 
.iwociatcd problem, h'or example, a boilt^r with a 
capacity oTI 00,000 [H)unds per hour, using hogged 
Im-I. may generate from 8 to 10 Ions per day of 
M»hd\ m ihc cx'haust gas stream. If this is collected 

\\ wet Ncriibher, tlVe .solids from the clarilier will be 

III {\w lorm of a slurry^ th^it is messy tonandle imd 
ilillKult to dispose of It isexlremely important in 
ilcs'i|!nmg a wet sccubbing system to make adequate 
p(oviMO!is for collection 'and disposal of .the solids. 

Baghouse Filters. 

. H.ighoiisc filters arc not used exten^vely on 
hoik rs fired wi til .hogged fuel, largely because of 
lifr lia/ard. . ' | 

n.ighousL' niters are cor^tainers filled with 

Im^lriiMl haj-s made* of cloth. The particle laden 
•lusiriMin enters the bags from the bottom. As the 
iciN passp.s through", the 'bags, the particles are 
'trappoil x^i\ the inside surface. Various systems have 
»K«cn designed, to, ronriQve trapped particles. These 
include sliaking; reversing 'the gas flow, irfipinging a 
l^l^l^l-vcloci^y jet of air on the outside of the bag at 
rcj^ular intervals, and other techniques. In each 
♦yslcm. the goal is to make the'trapfied particles 
fall out of the bag into a collection hopper, t 

Baghbuse filters Ivtve the advantages of being 
«xt«imely efficient^ even foj fine (sub-miclx)n) 
Pirticlos. Thcjr collection, efficiencies commonly 
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are greater than 99 percent. They ih) not require a 
. great deal of energy to. operate. fVes^re drops are 
. normally less than 10 irtchcs of water. They do not 
af^Iiquid, sO there is\ no Visible plume and no 
water cleanup problem. \ . * 

l*he disadvantages may outweigli the advan- 
. tages. 7 he bags are teittperature limited. The upper 
limit of temperature^ is considered to* be 6O0 F for 
rtiost conmiercially available material, A snVill fire 
^ in the ash collection hopper, or a glowing ember in 
the Hue gas, would cause t^xtensive damage to-a 
baghouse. If used downstream from. an efficient 
multiple-cyclone colleclfor. howeyer. the combusti- 
ble content of tl}c material captured in a baghoMsf 
generally will be too low to support combusticni in 
the baghoCise. This potential for fire damage is the 
most critical disadvantage. 

^ Baghou?!' life is limited'by Wear on the bags.^ 
The constanJ Hexing or shaking action to remove 
collected particles shortens normal bag life to 
18-24 months. This resufts in high maintenance 
costs. , ' ' ' 

Baghouses are generally large structures. Many 
plants do not have adequate room to locate this 
type of |>ollLrtion control djjvice. 

"Bagliouses have high initial capital cost com- 
pared to alternative devices^ * . ^ 

Baghouses jnust be full^ insulated t« avoid \ 
condensation inside the. bags of on cool surfaces. 
This is^ particular!^ irnportant where sulfur-bearing 
auxiliary fuels are used. 

Electrostatic Precipitators ^ 

I 

Electrostatic precipitators have been osed 
widely to control particle emissions Irom combus- 
tion sources. They al^e rarely used on boilers tired 
with hogged fuel, however. 

. In operation, a negatively charged electrode, 
runs parallel to a positively charged -(grounded) 
plate (Figure 21). A large, direct-current voltage 
(that is, from 30,000 to 90,000 volts) is applied 
between the^ wire plectrode and the plate. This 
brings about 9 flow 'of electrons through the gas 
from the wire to the plate. Particles entraified in 
the gas'stfeam are bombarded by electrons travel- 
ing toward the positive plate. As electrons gather 
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I'iguro 2L 1)1 ail electrostatic precipitator, particfei) 
gain electrons from a negatively charged ck^trode, 
are attracte<l to positively charged • |)iates, then 
shaken into a ho[)|)er. 



on the individual particles, the partjgles take on a 
net negative charge. 11iis netj^charge pulls the 
particles toward ijic pjate, Where tlicy are col- 
lected. 

S}iakin[^ (♦r rapping device*; are installed on tlie 
plates to dislodge the collected particles. They fall 
into a collection hopper below the plates. 



Many factors affect collection efficiency in 
these units. One of .the important factors is 
resistivity of the particles. If they have low" 
-electrical resistivity, such as th||t of carb6n, they 
give ;up the negative charge to the positive plate 
and assuzjie a positive charge. As like charges are 
repelled,. carbon particles are puslied kw^y from 
the plate and are reentrained in the gas stream. 
This substantially lowers collection efficiency. * 

Of\ the other hand, if particles have high 
^ulcctrical resistivity^ they will be unable to give up' 
their negative electYic charge. As the particles build 
up on the* collecting plate, , they, am form an 
insulating barrier and' even scj up a net negative 
charge. Again, this reduces precipitator efficiency, 
• Thcv emissions of flyasli and unlnirncd carbon 

i * 

from boilers fired with hoggtd fuel have Ic^w. 
y electriciil resistivity, lllectrostjitic preci|)itators 
therefore have low collection efficiency. The elTi- 
• ciency can* be increased by conditioning the parti- 
cles Nvitli injection of a material that will alter 
rc^sistivity to a more appropriate operating range. 
Sulfuric acid mist is used in 'some instances to 
accomplish this. Such solutions, however, present 
problems of corrosion to the equipment * and 
increased potential for environmental pollution. 

Electrostatic ^l^ccipi^ators are large pieces of 
equipment and are costly to install. The combined 
factors of high' capital ^cost and potential for low 
efficiency have resujted in limited u<>e of these 
devices^^to cun*trol emissions from boilers fired with 
hogged fuel. 
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. . :Severi(l dilTerent measurements can be pjade of air pollulwnt emissions from boilers fired wit If hojgged 
. fud,. Pop^ example, standard procedurtJs .tiave been developed to detcijnint opacity, j^oncdntr^tion of 
\ particular matter in grains pftr standard cubic foot (gr/SCF), fnas^^cmission rate [n pou.nds of particulate per 
hour, particle si/.e distribution, and con.ccntrdlioji of various^ pollutant gases'sucli as airbon monoxide, 
nitrogen compounds, and sulfur dioxide^ . ' ' ^ ' - , * 

-These nii^asurements are d(scusstid individually in the- next several sections; except"ibr gaseous' 
' ix)llutants. which are no< of primary concern whcri burning hogged fuel, as noted in Cliapter 7. , 



^ Opacity Measurement 

, ^ I he discussion in Chapter>5 Jeals wfth instru- 
ments that can monitor opacity. This can be done 
automatically and continuously with commercially 
available equipment. -Most regulatory agencies, 
however; will not accept the chart i;ecords from 
such equipment ' ^s ^ proof "of compliance with 
opacity regalations. They require that the opacity 
ho (Ictermined. Visually by a trained and^certified 

pcrs(t1i. ... 
•1* * ' 

^ I wo- scales of measurement are commonly ^ 

use*. The M<it\gt»liTtann Smoke Sqale for use on 

hiavk smoke «inissions ynd the Opacity S^cali* for 

use oil emissions of other* colors.' The relatnon of 

lltese two scales is as follows: 



RingclnKiiin scalo 


' Opacrty scale 


No. 


% . 


0 


'0 


Vi h 


10 


V 


20 ^ 


\Vi 


30 ' 


2 


* "MO ' - 


IVi 






60 




70 


A 


" 80 


» ■ 


. 90- 


. 5 


100 


'Certification schools 


for smoke and opacity 



Classes arc -held througliout the year to meet"the 
demand. Iti general, the clashes consist of. two 
sepiratQ sessions. The first is to learn the theorv 
and limitation^ of the technique. The jSBcond is to 
gain fitld experienop in actually reading plumes. 
Rxaminations ar6 held at the end ol^ each' session to 
determine degree of competence. Reoertification 



53 



,of ability in smoke and opacity reading is required 
at intervals ranging from 6. months to I yciir. For 
information on such schools, co,ntact Hhc' state 
regula-topy agency. 

' \ • ' 

• • .ft 

$ . • 

Concentration of Particulate Matter 
and Mas5^Emis$ion Rate ^ 

•Measurement of the con\x*ntration of particu^ 
latje matter is complex. There are no commercially 
•available instrurjients that, can 'do' this continu- 
ously. It must be done on a **grab sample/* in 
which a representative sample of the boikr emis- 
sion is collected from the Hue ga^ The siimple \$ 
analyzed by a procedi_ire esta^i^hed by the U.S. 
Environmental Protection Ajjttiwy (H.P.A.). 

^The specific procedure requires a minimum of 
$4,000 in equipment to gather the sample. In 
addition, a substantial amount of laboratory eq'uip- 
ment is required lor the analyses. The process of 
sampling and Analysis for a single complete E.P.A, 
test on a boiler at one operating level cdsts about 
.$2,000. A' complete series of tests ma/ ^st as 
' much as $25,C|00. This complex proc;css requires 
skilled technicians and engineers. It is much more 
thart simply sticking a probe into an exhaust ^'ck 
and reading a number.. \ J ^ 

Of particular concern ih the procedurVlsthe 
sampling location. The E.P.A/ has recommended 
that sources be samp^Icd at a location at least eiglit 
diameters downstrieam and two diarneters upstream 
from the nearest source of disturbance to the 
>airstream (5)! Tliis includes such parts as valves, 
bends, elbows, expansion joints, and tees. For 
many boiler installations, the recommended^ sam- 
pling location may be 100 feet up the smokestack! 
The cost of installing a sampling platCorm large 
enoUgh to accommodate technicians and sampling 



equipment on i\ smokestack may run into tlidu- 
sahcis ot doMars.^Sucli pl;ittorms should include 
adequate safety cailijigs, toe railings, wind screens, 
and electric servicxj oi/tlets. They also jshould be 
equipped with some means of supporting a block- 
and-tackle hoist for* rai^sing a/id lowering the 

^ equipment. ' ' 

There is a t^^ndency to construct such plat- 
foyns as temporary arrangements. Due considera- 
tion 'should &c given tothc/fact that for each boiler 
test, several technicians will jiave to work about i 
tlays on the platform. TheVlTects of exposure to 
heat, cold, wind» high eleva<ion. and exhaustion- 
demand that every* safety precautioh be provided. 

' 1 he »s|)ecified ^procedure is publisjied in the 
federal Kegister of Dea^mber 23, 1971 (5), The 
same procedifre is used to determine the mass-- 

..emission rate. 

Particle Size Measurement 

1 he procedure used to determine particle size 
.has two steps. The first is to collect 4 representa- 
tive sample of the particles "and the secorid is to 



« analyze the .sartiple. Like measurements of particle 

* concentration, particle size measurement requires 
sophisticated equipment for collection and analy- 
sis, as well as skilled technical approaches, 

Repn^entative sampling for particulate mat-* 
te; can be achieved only if tjie particulate matter 
enters the sampling' system at- the, same velocity as 
the airstream in which it is entrained, tAs is called 
^ isokinetic sampHng, 

Analysis of the collected; samples usually is 
ddiK with a microscope urvdet laboratory condi- 

• tions, A minimum of 100 particles should be 
rneasurqd to determine the size distribution of 

jy|)articles in each' sample. Size is reported in terms 
'^of the percentage of particles smalltir than a given 

size, • ' 

For f)articles collected in impat:t^ix)n systems, 

analyses for size and weiglit distribution may be 
■ carried out by weighing the saniples .of particles 

collected in each section of the inipactor. This also 

allows a determination of 'mean -size and size 
■ distribution of the pafticlcs,- bascci on the weight 
? distribution of the sample. 



\ 



J V. 
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9. REtJU W IONS IJERTAINING TQ ^MISSIONS FROM ttOILIiUS FIRED WITH liOGGFI) FULL 



Emission regulations are enforced three levels of governmental agencies: the U.S. Environmental 
Protection Agency, s/ate regulatory agencies; and local, or regional agencies.Their enforcemerljt programs 
are based on a ppmit system, which requires thut any piece of equipment or process that generates or emits 
pollutant materials tm the atmosphere must have a permit to operate. To obtain such a permit, one must* 
derponstrate that the pollutant emissions will be lower than the maximum ^values established 'by the- 
agencies. Further, before new equipment can be instalkd' the agencies must be satisfied that emissions from 
4he equipment or process will not exceed the establijhecV standards. Sori>c agencies' Regulations include, 
requirements that ^^best available technt)logy or *\best available practical technology" be employed to 
. control emissions.'' Some agencies also require that ne\v installations include '^advances ip the art*' of controK 
\)f cMuissions. -Interpretation of these requirements is frequently a' controversial m^ ' • ] 

Actual emission standards vary somewhat from agency to agency. Most agencies have^ set standards 
regardinK*opacity, concentration of particulate matter, size of particuiaie matter, nuisance resulting from ' 
emissions. of particulate matter; and emissions ,of sulfftr dioxide. Some agencies havp set standards on the 
mass of particulate that can be emitted, based on either an hourly rate or the rate qf heat i'npuj to the 
^oiier. . . > f 

OjKicity Standards 



Opacity standards generally are based on 
location of the installatioK, and its age. For 
example, if a boiler is located in an area of high 
populutioiVdensity, the regulation may specify that 
opacity, of 'the plume from^ the 5^ck may not 
exi^'cd 20 percent for more than 3 minutes of any 
hoi^., A boiler located in a more remote area may 
be subject to a limitation of 40 percent opacity. 

In- general, boilers that were ' installed -and 
operating before 1970 and are- located in areas of. 
low popula.tio^v ilensity are stibject to the liminS* 
tion* of 40-pt5r(^nt o{)acity^. New installations are 
subject^ to the 20-percentK)paeity limitation, fior 
most agencies.' Standards for Oregon and Washing- 
tori are indicated -in Table 16.* Readers should 
obtain copies of -current regulations that apply to 
their specific jurisdiction. 

Concenfrafion of Particulate Matter 

Regulations affecting allowable concentfa- 
tions of particulate matter often are stateji in terrns 
of fjiaximOm grains per standard dry cubic foot of 
exhaust gas corrected to 12 percent ..carbon^diox- 
ide. This needs some explanation. 

A grain is 1/7,000 pound. Most emission 
regulations have set either OJO or 0.20 grain per 
standard dry cubic foot (SDCF) as the maximum 
limit. * . 



The term *\sta'ndard dfy cubic foot'* is often 
confuting, because. no agreemtjrrt exists as'to how , 
standard conditions are defined. Most agencies 
agree that standard,, pressure equals I attmosphcre, 
or 29.92 Mnchcs of mercury. Standard temperature 
. is not agreed upon, however. It is variously stated 
as. 32 P, 60 F, 68 F, 70 F, 0 C," or 20 C The 
majority of ^hc agencies accept 68 ^ or 20 C, 
• which are equivalent. i ' 

/ The correction to 12 percent carbon dioltide 
^is a linear correction to the measured concentra- 
tion of particulate -matter/- It is made so that 
individual plants -wj^ll hot attempt to meet stand- 
ards by^ diluting the emissions with clean air. For * 
example, suppose boiler emissions were.subject to 
a limitation of O.ID gr per SDCF, and test showed 
a concentration of O.IS gr per SDCF. Ona means 
of lowering the measured value is Jto add clean air 
at the base of the exhaust.»stack. By blowing in air 
at a rate equal to the rate of exhaust g^s flow from 
the boiler, the concentration of particulate matter 
would, drop to Q.075 gr per SDCF^. At the safte' 
tinje^ levels^of carbon dioxide from the boiler* 
Wjc^uld be diluted. By 'fenfoi;$:ing a correction to 12 
percent carbon dioxide, the agencies assure that 
exhaust air is not diluted to mee.t emwsion stand- 

rds. \ 
The standards themselves are generally set at 
either Oi lO or 0.20 gr per^SDCF. As with opacity 
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Table, It). Sunimai7 oi\0|)iicity licKUlatiqns in Oregon and tehjngton-^ 



.1 



Before 7-75 



I.xistitijj sources : 



After 7-75 




% 



ORlidON 

OrvY.t^ii -l) .I.; .g . ^ * 
^Lane Regional A .P .A, 

Mjd-Wn lamctte Valley A.P.A^ 

IVASliUJCTON ' / 

Wash ill}; ton 1) .0 'i; . ^ 

N .W . Washington A .l> .A . 

Olympic A .l\A . 

Pu};ct SounU A .P .A*. V ' ' 

•S .V, . Kashinj^ton A .1' .A . • 
^Sfxikano County A..I>.A. 

■|'r i- County A .1' .A . 

Yakijiia Countv A".P .A . 



. 40 

40 

40 
. 4 0 
40 
40 
40' 
■ 40. 
' 4 0 
'40 



4 



40 
•40 

40 

■ "20 
- 4 0 
• 20 
^ 20 
20 
4 0 
40 
20 



20 
20 
20 

20 
20 
20 
20 




20 



Personal communication from M Cory , Bol sc fcCa^scade .Corporajt^on , Boise, 
Ulaho. Mr. Coj-y contacted each agency listed and compj.lcd their 
fc^ni U.t ions . - . . ' ■ ^ 

^Sp«,•cial control areas, restrict existing s.ources to 20"^;,. W 
May require a restriction t.e 2{)% opacity and 0.10 gr [Ve^ standard cubic 
.'foot in sensit ive' areas. 



standards, the level is based on location of the 
laciHty and on its age. Grain loading standards for 
Ore.i'onian^^ashington are shown in Table J 7. " 

Ma.ss- Emission Rates . 

As an alternative to establishing limits on 
concentrations of' particles in flue gases, some 
agencies have set limits on. the pounds of material 
that may be em^d per hour pr per million Btu's 
'Of heat input to the boiler. In general, the 
maximum values' allowable v^ry with the stee of 
the boilci;. Largor jDoilcrs have the more stringent 
s^landards. For specine values applied t6 local 
Iplants, contact the regulatory agency that" has 
•jurisdiction over the particular plant in^question 

Size of ^Particulate Matter 

Some, but not all, agencies have established 
limits on the maximum size of particles that may 
be\;mitted by boilers. The limitation usually is set 



A - ■ ' 

at 250 microns. Its purpose is to avoid spreading 
large" pieci^s of uriburned carbon, which acf as a 
soiling nuisance. Consideration now is being given 
to establishing regulatio/is on the maximum' con- 
centration of smaller particles (that is, lessjhan 10 
micrbns). This is a result of studies indicating that 
smaller particles present the greatest hazard to 
human health. , . ' 

INuisance Regulations ' 

Most agencies 1iave*a general regulation that 
pertains to nuisance enjissions. The usual statement 
is to the effect that no process orsoperation shall 
emit materials "that ate a nuis&nce to the surround- 
ing property x)r community. Such regulationsvare 
riot*directed specifically toward boilers TEf^d with 
hogged fuel.' They are referred to occasionally, 
however, if flyash or unburned carbon from a stack 
becomes a public nuisancfc. ' * ' 
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•Tabl-c^ 'l7» Summary of I'iif ticulate Conceiltrat i on Stand irdh in Oregon aird 



Washington . - 




Agen«)y 



oia-ciON 

Oye};on 1) A: .Q • .. 
l.anc Rogional/A.P.A. ^ 
lid-Willamette Vall<^y A. P. A. 

KASlllNC'TON 
Washington 1) .0.1;. 
N .W ; Washington A .P .A.^ 
Olympic A .P .A . 
I'ugjCt-^eujHl A .P .A . 
S.W. Wash i'ng ton A.P .A.^ ' 
Spokane County A J\'A . 
Tri -(:6unty A-P-A. 
Yakima County A .P .A . 



Hxisting soiifi;c( 




^ New 
sources 


Before 7-75 


Aft< 


f 7-75^ 


Gr\ 

. '0'.2 
0.2 

' 0.2 .' 


1*0.2 , . 0.1 
0.2 0.1 
0.2 0 . 1 ■ 

> 



0.2 
0.2 
0.2 

o.i 

0.2 . 
0.1 
0 .2 . 
0.2 



0,2-» 
0.2 • 
0.1. 

0.2 
0.2 

o.> ■ 

0.2 

o.r 



.0 . 2 
0.1 
0.1 
0.1 
0.2 
0.1 
0.1 
0*. 1 
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equii\;d on "all, bo:ilers. 
Lon levels. 



VPcrsonal communication with M. Cory, Boise Cascade Corporat^Q^n, Boise, • 
~ ' Idaho. Mr. Cory contacted each agency listed and jcompi led* their 
regulations . • ' ■'^ 

^Grains per standard cubic foot. ^ 
.'After 1975, be§t. available control technology is 
The regulation is".only a gtuide to allowable emiss 

* . 

LMii.s.sion of Sulfur Dlyxidc ' » 

Hogged fuel contains low levels of sulfur. A and most a|;ncies have pjaced limits on the 

typical analysis may show 0.080 percent by weight allowable ^sulfur content of boiler fuels. Typical 

(1). Auxiliary fuel may be sulfur bearing, however, values are'shoWn in Ta^e L8. , ' . 



I- / 



ERIC 



Table 18. Regulations of the State of 
Oregon Pertaining to Allowable SulfvTr 
Content in Auxiliary Fuel^s (12). 



, ; ^ ^ , — 

Fuel type 


Maximum allowable sulfur 




% . 


Residual oil 


2r5 before 7-74 


Residual oil 


• 1 .7^ after 7-74 


No. 1 Dist. oil 


0.3 


No. 2 Dist. oil 


0.5 


Coal 


1.0 


\ 

*" * . 

V 


^ ■' 'r- . 
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FUELS aiTd COMBUSTION 



Heat Value of Fuels 



N TVic heating value of a fuel is most satisfactorily determi'ned exper- ' 

i 



imcntally, using^ calorimeter, since only -by this method cai^ the exact 
effect x)f all the constituents in the fuel be jneasured. 



However, a reaisonably^ccurate calculation can bC; mack* from tl]e, 
iuialysis of the fuel imd the known heat. release per kg oif each of the 
combustible elennents. • ^ ' ' • 

Heat Value by Calculation . ' \ , ' • 

7 ^- ■ ' ^ - . . ■ , J> ■ \ ^ 

Fuel analyses takq two forms; the '*Proxtmate** and the "Ultimate" 
ana'lys is . * . ^ ■ i . 



iass(o 



l^roximate Analysis gives the percenta^^ers by mass(of Volatile ' 
matter, (%aiibOn .* Ash and Moisture . and is of principal inrorest to thiose , 
(Migagcd in the practical oj>c rati o^^f the boiler plant-^ motx* cH)UJ^itki,raHon 
will be given to Ihis aspect' in later lectures. ^ . 

% , Ultimate Analy sis* gives the c^)mposition of tHe fuel in percentages 
of Nitrogen, ()xygefi\. Carbon/Ash , 3ulphur an(f Hydrogen (as an aid to 
nieniory the initial letters, of these constituents form the word:i»"no eaj^h") 

NOTHfrhor Ultimate Analysis ta.kes nojiccount of the fre(,v moisture ^ 
in. the>fuel as dcxvs the Proximate? In, this ease the' samj/le is dried 
befon^ edmiTieneing the analysis. - • 

Usually a statement of heating value will accompany the chemist's 
rc^port on the fu(il analysis and will have been detprmined experimcjntally * 
^'^ using a ealorimete)!* . * ^ 

\V calculation of the heating value of the fu(d can bt) made^ if nee- 
• essary frdn) the Ultimate Analysis using th(^ known heating values o^f each 
. of the combustible materials as follSows: 
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Carbon ■- \Vhen 1 kg of capbgn is cpmpletely burned it liberates ■ 
33 890 kJ of heat.- . * ; - . ,; 

V, . ' , ' '.- ' ' . " . — ' X .. ^" < ■ : ■■ 

KydroReo - The vcomplete com buSUpn of I kg of hydrogen Liberated * 
143 900 kJ Qf.heat. :•>. 

' ' ■ ■ ■ ' 

Sulphur - The complete combustion of 1, kg of sulphur liberates 
. ^ , 9290 k J of heat. . .. • \ ' :• , 

. ■ • •'■ . . ■ r • ■ ■ ; ' : -^-^ 

Any feiven fuetwill liberate heaf in proportipn tQ the mass of eaph of / 
tl>cse elements \^{hich'it coHtains and the .hea't value canibe calculated if .th^ . 
Ultimate analysis ip known, . ' . . ,' 

Example 1 ■ , -> , ,<\ * " ' • • ■ ; ' 

• Calculale the heat value'of'a coal having the following ultimate composition 

. '. . Carbon ' ; ^ 65%- 

Hydi'ogen. ' • ■ 4.7%. 

.Ash .V .:. ..." •■ Q.8%i'':, " ; . .. •' : ■■' 

SulpbK ••; .0.5% - 

NitrogeJi ■■■ 1 . 8%,. •". ■ ■ • ■ 

' • , Oxyi^en • .. ■ ... •■ 18.2% " ■• . • '. 

•■ .. ■ * ■■ ■;. ':. ■ ' ' 10p.0%>, . 

Solution ^ . • ' 

Ancolysis are always ex^Mressed in percentages. This liieans that IQO kg of 
co^il contains 65 of Carbon, 4*.7 kg of Hydrqgea, ^tc. \ 

Heat from Carbon . ^ . . * - '* ' . ^ . » 

One kg of carbon will liberate 33 890'*kJ, hence 65 kg of , carbon will 

liberate 33 890 X 65 "kJ- or ' " ^ ' . ' 

■ • ■ : . ■ , ' • ■ ■; . ' • . , 

. ; ' ' ■ H- 33 890C ■ ^ 

^ , c ^ %33 890 X 65 / ■ • 

/ ^ ^ . 22 028 v5^ kj/100 kg , 

■ . . 22 028.5 KJ/kg of coal 

jleal from Hydrogen \/ . , , ' * . . / 

S(/me of the hydrb^pn.in the coal is in the form oC moisture or water, and 
therefore is not 'availab 
ti^re (water, or steam) if 
with 8 kg of oxygen; pr 
o\ygefi present is in the 
of hydrogen. 



Then, -Hydrogen ^as 



e for combustion and does not liberate any heat. Mois- 
composed of 1 kg of hydrogen ia chemical cpmbinatioh 
9 kg altogether. It is usual to consider that ALL the ^ 
form of moisture with one-eighth^of its'own mass. 



moisture - 18':j2 4- 8 
/ P. 

2.275 kg 



. Hydrogen;. avWiable for combMBtio 'i: 

i- X" 2^.425.kg J ■•■..-';<■: 

■>V ,,":- •■ ,V ;32T^m:,5M/100% ; ^.C^; ^ 

. V 3 273 . 726)kJ/feg of coal . i 

' Heater from ,Sult)hur :• ^ ' • 

One kg of sulphur; would liberate 9290 k'j, hence 0.5 kg will liberate 
, : k ■ . : 0^5 X 9290; = ; ' 4645 kj, or ' /\ :> 

■ ' ■. ■'■ ' ' H ■'■''•^ • '■929b^x 0.$ • ■': ' ■. ■ . 

, . ' •! : : .. ■; !® - i 464^ kjAOQ kg of coal ■ ' ' ' 

7 . ' ' v. -r : ^ V4:6,45kJ/kg^of-cbal ^r-;;. 

■ / . H6at value. Qf coal ■ = 22 '028 .5 +«^^^^^^^^ 



f It will be noted that the heat contributed by suljfihur ^iri the r^ajority of coals 
^^ is negligible and as a riUe iis not .considered/ * the hte^ frpm the hydrogen U 
y smalV,. while the carbon., provides the greater part ofthe, heat* /: \ '/ ': 

r.;. . The. heat value of the.coal"riiay also be obtained by using the Cbii|ibined or 
? DULQNG'S yQR-MXJLA , as foIlowsiV % ' = / " / 

' Heat Value v^' ■ / ^ : • 

■ ' " , : 33' ^90C + lA3 '^pO (H - 0/8). + 9290. S W qohI 

- . ■ ^ ' v339C-+ 1439 (H - 0/8> + 93S ^ ^ . . V .) 

■ v*: • = *'y;^2 029:U 32:^4 +^^> 'gS- 349^kJ/kg; of qoal , V ' ■ / 



Fuel Oil 



V 



The fuel oil usecj for dleam generation is a refined-crudp from which a 
.proportion of the lighter oils — gasoline, kerosene, etc have;bc|^ evaporated. . 
F^xuel oil is usually measured in term^^ of barrels; "and weighs from 310 to 36.0^ 
kg per barrel. , In comparison with coal>. oil-occupies about 50% less sp^^^ aAd;!//, 
4s approximately .35^0 less in mass for equal heating vajiiie. • .^'^ -.^ 



•Constituents < 



! . \ 

•I *: 



V Fuel oil consists of hydrocaribons similar ttJ the volatiles in Cpal but W 
■ are liquids at'atmospheria temperatures mid pteeii^u^ The analysis of / * ^ 
iriiiieral fuel from :different' fields ^v . : L v 



Carbon ' 
Hydil*:9gen 
Oxy^eA-:. 
Sulphur/ 
Heat VJwiue ; • 



. : . 62 to::86% * ., 

•■/■^^ ^^y- 't) ta;3% ^.^''^ 
... . ■ 0 tb^2% • • 

. : 4'3 000 to 45 aoo kJ/kg 



(PK.2%G.ra)- 
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1^ 



dailorific Value 



: ■ The heat value of any oil nriay be calcutatad by the same methods as used 
for coal uging JD^^^ open to greatet jrroTQ because 

of the wide r^^ 



Adyan ta^eg of. Fuel Oik ' ^ ",.:.^i':v :■. ■ 

• Iv Higb^r heating value, approximately «315%^; , /, . ' 
: , . 2v Less storage space for eqiial hf3at yahiefs . / . . 

' 3 V No dirt or ^ust;. no fires to clean. r 
. \ - 4. No' loss ia.heat value due to storage deterioration. 

5.. Excess ait is kept to a minimum. ' ^ "^^ .-^'I ' ' ' ' 
6V Greater adaptabili^ to load varijations , 7 \ , ^. 

,7. I^ss bpi\pr rQomUal5i6r -110 ash handling. re 
, : ' gv High combustion fefficienty^^^. ^ ^ - '/ V '.J^ , ' . . • , .\ 



Gas 



- / 



' ^ SatuTa1/gai3- is being, used inci^'efi^^^^^^^ gene ration -in power 



Constituents V . ^/v, ■-''■^V 

Gas^ eonsists^of a mixture of jhe light^if' |(or\€ais^^^^^^ A . 

typical 2u;ialys is ' mdiy ' ' ; ,-^\^'y\y ■ ' * .: " / . 



• By vOlumta^. Methane ,(€H^\ 
■■■ Lighter hYdrocarboris 



■ • : V.-.. That is,'m m^".of CR. ,pe1r XOO m'^'of gas, etc 



.•89.;0% ' 

. :5."5% 

■i ■■ ' ■ ' ' 

" ■,4, 5%. .. 

M r '- - — — — - 

100,0% 



C 



Heat Value 



The heat vaKie varies fr9m 46 420 to 55 700 UAg. It is more 
;converiient to 4Site the heat in kj/m'^. The heat value per kg 

8 constant bUUhe heat value per m*^ .varies as the mass per m3 variety 
;;^ependin^i;ut)on its telnperature'and pressure. At the. temperature and \ 
lijiressure eklsting in inost districts, the heat value of natural gas is 
^#pprOxl)?^tGly 3r250-kj/m9 (at le^^C and 101.3 kPaO 



*.• 
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L Chemietry of Combustion 
Combustion calculations depend upon foilTr fundannenta,! Jaws: 
1. Conservation of Matter. 



2i ^Conservation of Energy 
3. The Gas Law . 



Matter cannot he destroyed and cannot be 
cr'e&ted. , ^' " 

Energy cannot be destr|J>yed and cannot be 
created. ll nc 

I 

The volume of a gfas is djlrectly proportional 
to its absolute temperature and irfversely 
proportional to its abspli^te pressure. 



4. The Law of .Combining Masses All.substanceS combte^bnly in 

accordance with a deflnitelsWjple relation- 

' ship a;s to relative masses ^ ^ 

All matter, whether solid, liquid,'^or ^Iseous is composed W molecules 
and all molecules are composed of atoms . \ ^ * 

^ THE MOLECULE IS THE SflALLEST PORTION OF MATTER* 
THAT CAN EXIST ALONE. • .V 

' THE ATOM IS THE SMALLEST POBTION.OF MATTER CONSIDERED, 
but an atoiW'cannot exist alone. Substances, whose molecules consist of single 
atoms are termed monatomi c; those whose molecules contain two atoms are 
diatomic. - . 

.. . . — ^ 

Ejementary molecules generally' are composed of two atoms represented 
by symboTs thus: Hydrogen hJ, Oxygen Og, Nitrogen Ng, etc. which are all 
ELI-fMENTS or elementary substances. 

Compounds arc composed of atoms of two or more different elements 
such as: Carbon Monoxide QO, Carbon Dioxide COg, Oxide of Hydrogen HgO , 
(steam or water) etc. ^ 

'The atoms' of any element all have the^simic mass but the atoms of ctif- 
ferent elements have different masses: 



Hydrogen 

Carbon 

Oxygen 

Nitrogen 

Sulphur 



* « 



Atomic 
Mass 
1 

12 

' 16 
14 

32 ,, 



■■j> 



NOTE; The above are relative or proportional inasijes and 
, will be treated as kg-maps In this lecture. 



r 
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Cowbinatioiii^ of atoms always occur in simple and definite proportions of 

their atom^ic mass.es and are expressed by simple symbolsi thus: / v 



4 



HgO means that two ^tomp of hydrogen (2 kg) hav^com^ned 
with one atom of oxygen .(J.6 kg) to fonm one mole<fule j(\ 
. <18 kg) of steam or ^'^ter^ / - 

CC>^ means that one atom (12 kg) of carbon have combined 
with tvo atoms (32 kg) pf oxygen to form one molecule 
^ (44 kg) ©f carbon dioxide » 



The mass of the products resulting from a coiTTbustion rt^action'is always 
equal to the sum of the masses of the substances which enter the reaction. 

The student should refer frequently' tp the foregoing definitions, espe^cially 

for explanations of formulas ^fiich may present difticulties • 

♦ » 

The source of supply of the oxygen necessary for combustion is the air%' 
The proportions by mass of oxygem and nitrogen are 

C),^ - 23.2% and N.^ ^ 76*8%. 

Therefore to supply 1 kg of oxygen requires ^ 4.31 kg of a^r. TWs 

4.:U kg of air is composed of 1 kg of and 3.31 kg of Ng* The nitrogen, of 

course, serves rw useful purpose in combustion. 

■■/■■' ^ ^ ' 
Combustion of Carbon . / * 

An atom of carl^on may conmi^e with: . 

(1) two atoms of oxygen to form carbon dioj:ide (C(.)2) , of 
^ {2) with one atom of oxygen to form carbon monoxide (CO), 

Kxpressing these as formulas * 

\ (1) • . c . O.^ ' . ' 

12' +2x10 121- 32 , 

12 + 32 44 

2 ,/2 * 

2 

When 1 k^; of carbon is completely Inirnecl with 2 - kg of oxygen it produces 

2 ' ' ' 

:i- kg of CO.. and liberates 33 890 kJ of heat. It will be obvious that any mass' 

io - 

of must be cott\posed of x 100 - 27; 27% by mass of carbon and 72.73% 
by mass of oxygen, or ■ s ' . 

1 kg'C02 ^ .0.2727 kg C + 0.727;i kg O.^ > 

that is» a ratio of carbon to O of 1 : 2.667'< 
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...... • ■!, , 

. • V • ^ . r V ■ • ■•4 

l(h' kg of is contained iri 4.;U kf^ air it will be necessary to supply for 
copiprlete comrbustion o| 1 .kg of carbon: 

2.667 x 4.31 11-493 kg of air- * 

.amount will contain No 

2-667 x 3.31 8.827 l^gNg , j 

Thus^in the complete combustion p{ 1 kg of carbon the resulting products of 



combustion will, be: 

^ \ • 

1 kg C + 2.6G7 kg O,. . = 3.667 kg CO., 
■ / 'iinci 2.()()7 X 3..;31 kg N„' * 8.827 kg N., 

• * * • • ' * 

, . Total mass of flue gas - 12.494 kg ' 

(2). ♦ 2C ^- O.^' - 2CO 

C + O ' = CO 
12 -t- 10 , - 28 



c 



\ 



When 1 kg of carbon burns incompletely with only I- kg (too little) 'of 

1 : k f 

it produces 2— kg of CO and liberates 10 305 kj of heat* 

\j ' ' ' 

If the CO forniod goes up the stack it carries aWay with it . 
33 H*JU - 10 305 - 173 585 kJ of heat which is idl w;isted. 

12- - ■ : ^ 

Any mass of CO miist be composed of — x 100 - 42.86% by mass of carbon 

:ih(( 57.14% by mass of oxygen, or^ 

1 kg CO 0.42H() kg C + 0.5714 kg 0„ - 

lhal ls,^a Initio of carbon lo O.^ of 1 : 1 nWWW 

Air rxM|ulrtMi to^hurn 1 kg of C to CO 

1 .WWW X \.W\ 5.745 kg of-air 

*l'hus,in the ifHJ()!ni)lele combustion of 1 kg of carbon to CO, the resulting * 
products of combustion will be: . » 

■ ! 

1 kg C t 1 .333 kg O^ 2.333 kg CO 

ang 1 .333 ,x 3.31 kg 4.412 kg ' " 

. . Total nuuss Of Hue gas (i. 745 kg * _ . 

. (l'I-:2"2-5-7) 
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• CQmbuatlon of Hydrogen 

. Two molecules of hydrogen (four utoms) combine with one molecule of 
oxygen (two atoms) to form two rAolecules of water. 



H O2 •= 2H2O 



2x2 + 2 X 1(5 = 2 X 18 
4 + . 32 , = 36 

1 +8 = y , . • 



Whon l kK.of 11^ is Inirncd with 8 kg of O., it product's. 9 kg of H..() mid 
liberates I'f 3 900 k J of hoat. _ ^ ' ^ 

Any mass of H„0 must be oompostjd of — x 100= 11.1% by mass of 



and 88,9% by mass of O. 

'2 



. orlkgH20 - 0.111 kg + 0.889 kg O2 

, that ih a ratio of to Ox^of 1 : H.^ 
Air required to burn 1 kg of II toil, C) . 

H X 4 ,31 MAS kg of air 

Thus tn the combustion of l,kg of 11 to H O, tJ^e resulting products of 
combustion will be: • 

1 kg 11^ ^- 8 kg C)^ 5) iVg up ^ 

and 8 x M.ai kg N.. 2(;,48 kg N. f 

^ I . ToliU mass -of flue gas ;{5.48kg 

Combustion of Sulphur 

In a similar m;uiner to the above: 

s . C)^ so.^ ■ ^ . . 

32 t 32 (M ' » 

1 1 2 ■ 

When 1 kfr of 8 is burned with 1 k^ of O., it prcxiuces 2 k^ of SO., mul lilniratos 
9290 k.I of hoat. • , ^ 

♦ 

Any mass of S()2 must he composed of -~ x 100 by mass of S and 

50% by mass of O^, or 

1 kK SO^ O.T) kK S 0.5 kt; o^^ ' 

that is a ratio of S to () of 1 ; 1 

• Air required to burn 1 kg of S to SO : 

1 x 4.31 ' 4*.3l kg of air. . 

(PK2' -2-5-8) . . . 
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ThuH in the complefe combusU'on of 1 kg of wS to SQ.^, the resultinjj products 
of combustion will be: ^ ^ . , 

1 kg S + I kg = 2 kg SOg 



and I'X 3,31 kg 



3.31 kg Ng 



Tytal mass of flue gas ^ 5.31 'kg 



ho propor- ^ 



In a similar manner by applying the Law of Combining Masses, 
tions required for the combustion of ^hy hydrocarbon can be quickly calculated, 
since the ratio of CJLo H2 is known and each can be calculated separately as a 
fraction of the. whole (assumed as 1 kg), ' 



tYom the foregoing calculations Table 1 has been computed. In 
methane and ethane the^ student will fir^d it of great value to calculate 
for himself, checking his results againsjt those given in the tahtei 



the case ot^ 
the data 



^ Table 1 



C^ombustion Data tabulated in kgAg ofl]iiel 



Gfai'^on (to 

CO2). 

Carbon (to 

CO) 

Carbon 
Monoxide 

Hydrogen 

Sulphur 

Methane 
I'! thane , 



Mole- 
cular 
Symbol 



C 

C 

CO 

s 



Theoretically 
required kg 



O. 



i 

2, 67 



1 . 33 

0. 57^ 
8. 00 

1.00 

4.00 
3. 73 



Air 



11. 49 

5.7r) 

2.46 
34.48 

4. 31 

17. 24 
1(). 09 



Products of Combusfibn kg 



CO, 



3.67 



1. 57 



2. 75 
2. 93 



HgO 



9,00 



2. 25 
1. 80 



N. 



8.82 
4.42 

1.89 
26.48 

3.31 

13,24 
12. 3(5 



c4. 



2. 



^3 



SO. 



2.00 



Table 2 



Combustion jJ atu tabulated in m'Vm'^ c f Fuel 



Carbon 
^Monoxide 

llvdrop.in) 
K thane 



, Mole- 
cular 
Symbol 

go 

,"2 



Theoretically 
' required 



Products oLCotnbuMion 



0.5 

0. T) 
2.0 
3,5 



nr 
Air 



2. 38 
2. 38 
9. 52 
16.67 



CO,, 
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Thu derivatiptj, of Table 2 requires the application df "Avogadro's Hypothesis" 
which states!*^ . # 

EQUAL VOLUMlES OF DIFFERIeNT GASES AT THE SAME TEMPERATURE 
AND PRESSURE WILL CONTAIN EQUAL NUMBERS OF MOLECULES. 

IJf this is so, then one molecule of any gas must oc9Clpy the same volume. 
Further, some standard volume could be chosen which would just contain the 
molecular mass of each gas. .■ ^ t > 

For example, hydrogen has' a molecular mass 2.01G at standard temperature 
and pressure (101.3 kPa anct 0^0 . 2 .016 kg of will occupy V ni^. 

where V = ^ m^ ^ 
) . P • 

and w = 2 . 01 6 kg 

H = 41 24 j/kg K (The Characteristic Constant for 

. " Hydrogen) 

^ , - T = 0 + 273 K . . ■ ° ' 

. "\ P = 101.3 xToCil Pa f * - 

■V 

' V 2.016 X 4124 X 273 ' ^ 3 . 

••^ - 101:3 x 1000 • - 22.4 m. 

Similar calculations if carried out for different giuses will :il\vays ^ivo this 
figure of 22 A {n^ if the mass of gas considered is the molecular mass of that ^ 
^^as expressed in kg. * ^ ' 

This stimdard volutne of gas is termed 1 kg Mole. 

In the case of hydrogen, Table 1 states that 1 kg of Hg requires 8 kg. of 
Og for complete qombustion. 

*'No<v since 1 kg of any gas occupies * 

22 A 



22 #4 *5 
W X mt where W = mass of gas in 



1 kg of \\\^ will occupy ^ l'^^''^ ^ 11 .2 m'^ . * . 

8 kg of O.^ will occupy ^ - ^'^^'"^^ S.Gm'- 

Chccking with Table 2, 1 m'^ of 11^ will roqiii^*e ;^ U.5 m"^ ofb. 

' ' L ' ^ ' 

^ If it is desired to find the volume of gas at a different timiperature or 
pressure, ai)plicatIon of thCvCas "Law will give the desired results. ' 

Krom Table L a slmi)le formula may be constructed fur the! air theoretically 
required for the perfect combustion of any fuel. This is expressed in terms of 
kg of air per kg of fuel as follows: 



Air required - 

^ • 100 



11.49C + 34.48 {\\,^ - + 4 



.31faJ 



OP 

Extmiple 2 

CidcMlatethe lUr theoretically required for a coiU of the following analysis » 
(fli'y): ' . Carbon .. 69.3% 

Hydrogen . . .4.2% 
^ Oxygen . . . 7.0% . * 

♦ • 'Nitrogen . . 1.1% 

Sulphur . 0.6% • 

Ash ... \J'i!% 

(PK2-^2-.r,-10) ' , ^^^'0^^' 
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Moisture* (not Includexj^n the analysis) was found to be ^. 1%. 
Solution 

Air required 



100 [n-49C+ 34.48(H2-f) 4-4. 3is] - ' ' 
^ j^U . 49 X 69. 3 + 34.'48 ^4.2 + 4. 31 x1). ej 

1^796 + 112.5'+ 21 ej ' 



100 
1 



/ 



100 

= 7.96 + 1.125 + 0.026 
= 9.111 kg of airAg of coal (Ans.) 

s. ■ ' . * 

'While this formula is accurate enough for most purposes , calculations 
involving each of the component parts o( any fuel set out in tabulstted form below,. 
^ gives a more accurate and clear picture of the processes involved in the 
combustion process. ' »^ , . * 

Method of Working 
€ - 0.693 



0.042 



S 



0.006 



'Air =; 

CO2 = 

- 

Q2 ^ 
Air = 

Air . ^ 
SOo = 



2,667 X O.69S 

11.493 \ 0.693 

3.66 X 693 

8.827 xl).693 



8 • X 0.042 
04.48 jT 0.042 
26.48 X 0.042 

9 X 0.042 

1 X 0.006 

4.31 X 0.006 

3.31 X 0.006 

2> X 0.006 



Tabulation 



1.848 
7-. 964 
2.-536 
6. 117 

0. 336 
1.448 

1. 112 
0. 378 

0. 006 
0.026 
0. 020 
0. 012 



I. 





Mavss/kg of 


Required -kg 


Products of Combustion - k^A^ Coal 




Cpal 

M 




Air 








H2O 






0.003 


1 . 848 


7,964 ^ 


2, 536' 




6. 117 






"2 


0.042 


0.336 


1.4,48 






1. 112 


0. 378 




<>., 


0-07.5 








0.075 










O'.0 1 1 










0.0 ij^ 






s 


6.006 


0.006 


0.026 






0.^ 




0.012 


Ash 


0.183 


















Totals 


2.190 


9.438 


2. .536 


0.075 


7.260 


0.378 


0.012 


()„ in Coal 


0,075 


0.323 




0.075 


0.248 








Totals 


2. 115 


9. 115 


2. 536 ^ 


1)7000" 




0. 378 


0.012 


as CO2 






0.012 




\ 




0.012 




Total 

%V ■ 




9.115 

1 


2. 548 


0 . 000 


7.012 


0.378 


o.opo 
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From the totals it is now necess(iry to subtract the Og originally in the 
coal as well as- the air arfd the No equivalent of this oxyigen. 

The SO2 in the flue gas appears as CO2 in the analysis (as will be explained 
In the following maternal) so therefore is next added to the COa. 

The laat line gives the final totals. .Note that th* total air required is now 
^ 9*115 kgAg 6f fuel compared to 9.111 kg as giveaby the formula, an error 
wluch is,. negligible. , . ^ ^ 

^ . ^ * * , . / 

Excess Air Calcula tions - ' ' , 

^t. / \ . - 

. Sin,^e in the opera^icJh of a boiler ^theoretical con^itions^rq neyer , . 
attained, it is$itn]^oVtant that the foregoing calculations be jtiedjn with prac- , 
tical^conditions, ^ • ' 

The mass of air theoretically relquired for the combusktion of one kg' 
of dry coal ia (from the above tabulation) 9.11'5 kg. For each Z0% In excess, 
of this amount (that is, each 1.823 kg above 9.115) the;'e will appeir'in the 
produ<fts of combustion: -< 



1.823 X 6.232 = 0-423 kg 0. 
1.823 X 0.768 - 1.4' kg N, 



Table 3 has been tabulated for varying amounts of excess air: 
Table 3 , . 



m w 


Mass of 
Products of 
Combustign 
kg 


\ 

f 


Mass of Pr'oducts 
varying amounts of Excess Air" 


-kg 


. _ _ _ , .. , « J. 


20% 


40% 


60% 


8^0 


^ -r — — ^ 

100% 


C()2 


2. 548 


• 2 


5,48 


2. 548 


2. 548 


2. 548 


2. 548 




0^0^ ■ 


0. 


423.-. 


•,0..846 


1. 26S 


1. 692 


2. 115 




7.012 


8. 


414 . 


9.B16 


11. 218 


12. 620 


• 14.022 




0.378 


0. 


378 


0.378 


0.378 


0. 378 


f 

0.378 


I'otal 


9. 938 . k 


11. 


763^.. 


13. 588 

J 


15.413 


17 . 


19.063 



In order to be of practical value it is necessaVy to calculate for percent- 
age volume of dry products of combustion , since in furnace efficiency tests 
the content o(the flue gases is^given in percentage volume. Also the water 
content cannot be measured because the analyses is made at room temperature , 
thus the water will have condensed/ 

^ While the further calculations necessary to establish excess a(jr charts, 
theoVetical furnace temperatures, etc. are beyond the.iscope of^hisicourse | r 
nevertheless the foregoing material covers the basic theory necessary to enaAle 
the engineer to understand their derivation. ) 
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r ' • THE COMBUsflON PKOCTESS , ' v 

Much research has been carried out an(i(many theories have been advanced 
to fit^the facts observed irt experiments irithe chenaical lab and the plant. The 
following facts may be utilized to giv6 indication of what is occurring during the 
combustion of a fuel. > * 

«> • Hydrogen burns with a colorlei^s flan[ie v 

Carbon Mon(*xido burns with a' light-T)lue flame ^ 
Carbon burns with a whitQ luminous flame ^ : 
jSulphur tends to color the tlame yellow, ^ 

Tho K Iq montar Y Combust rb los . ' / * # 

All fuels are complex substances containing nlany different combustible 
and some incombustible compounds. These comi?ustibles may be divide^ into 
three gi^oups of elemehtary combustibles which have similar combustion char- 
acteristics: - . . • . ' . 



C 



(1). Solid Carbon ^ 
^2) Ciaseous Hydrocarbons . 

(3) 'Carbon Monoxide and Hydrogen, ' . 

(1) Solid Carbon - / ^ 

.Approximated by coke, charcoal, and anthracite containing a minimum 
of volatile, moisture and ash. ^ . ' 

Pure carbon unites with from lh<i air forming CO2,' CO and a complex 
()xid(^ of carbon (C^O ) which breaks clown readilV on -contacl with more O2 
^ into^CO^ or CO. * ^ • . , 

Mon^ of the product of incomj)l(^to 'conihustioiY (CO) is formed at low 
t(\mp(M\atur(\s and more of the product of ,comi)4ete Combustion XCO2) at^ 
hi^;h ttwnperaturos . Th(| Cb2 formed may be reduced to QO.by contact with 
hot (\'irl)on TJie aniount of recluction (k^pends on tlu^ qu;|ntity of Og (air) 
pr(?sent, the tinu* of contact and the temperature of the air and carbon^' 

\ 




These form lh(» chief conntituenls of Natural (Jas, Fuel Oil, mul the 
volatiles in coal. They vary eonsid(M\'il)ly in (juality from the/'ery heavy 
volatilivs (tars) ^wvw off froiii bituminoifs coals to tho very li^^ht [;ases 
which constitute? natural t^as. The heavier hydrocarbons of fuel oils and 

(a) /By decomposition into carbon (soot) and hydrogen w^en heated. 
Tftc 112 '^^^'"^s readily and the.soot also wilf bujrn if the furnace ■ 
' temperature is high and there is an ample supply of oxygen 
present. The so(5t formedls a complex molecule of carbon of not 
less than 12 atoms, or C12, which must contact with 12 molecules 
of O2 in order to be burned. Kxi)eriment shows that if this carbon 
is not burned within one foot of the surface of the fircbed it is very, 
unlikely that it will be l>urnod at all but will deposit on the, heating 
) .-surfaces as soot* 



euals are vaporized by heat (pr gJiSificd) beforc^combustion. They may bc 
i completely burned in one or both of two ways 
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(b) ^The heavy hydrocarbon may pick ujj^puccessive atoms of oxygen / 
which change it into a lighte^r compound after each such acjdition/ 
This pr'Sfcess is very rapid at high temperatures if sufficient O2 
^ ' is j^resent and' causes neither soot nor smoke. There is a race 
betweem these two processes in the btirnrng of all hydrocarbons. 
^ Aicombination of high temperature, oxygen in excess, thorough *^ 
^mixing and time of contact favors the second (b) which is the^one 
desired, as neither smoke nor soot results.' 

' »• Decompositicm, with formation of soot and smoke will take . 
; . place it any one. of theseJactors^ e^pecTally oxygen, is absent. - . 



(3) Carbon Monoxide and Hydrogen (CO and Hg) ^ ^ ^ .' • 

.These are the constitue)rtrf^ of most artificial gases. ^'A^so during tho^ 
' combustion of carbon, CO may be^ormed while CO an^.Hg may be liber- 
atec| when hydrocarbons ajge burned. ^ 

^ r . ' ' ' , ■ 

If '4Durned at atmosphc'iic pressure at any temperature between 7()0^C 
and 15 l«^C, witU^an excess of 02,-they burn directly to CO^ fi^U in 
accordance with formulas ulven earlier in tliis lecture. 

• r ' • ^ ' ■ ■ . ' 

^ Hydrogen burns about three times as rapidly as-:QOr' 



Conibu a.tion of Natural Gas ^ 

— — «_ . ^ ' * ' ' ' , • 

. ■ ' 1^ 

Natural gas- is an easy fuel to burn because the hydrocarbons of which it 

is composecif are in such cYfinely divided state (as ji;as) that the &ir necessary 

for combustion can mix freely and intimately with them, , • ' 

Us hydr()^arbons'*may: . 

(a) Burn directly into COr. and 11^0. 

(b) I)ecom{)()se into C and Hg. or n ' 

(c) Decompose into CO and Hg. as explained above. ' / 

Lack of air in {)re^iixirig* or only a Small proportion of the lol;il air 
re(|Uii-ed with th(? j^as . results in a long white llaino, incl^ieating that solid carbon 
particles are being heated to incande;soencc in the flame and Uu^ gas or 
some part of it has been decomposed int^) C and other eonstjUients as already 
shown • *■ • ^ • ^ 

..As a lar};er^)r()portion ol the nee^^^sary ai|^ is^premixed the llanu^ shni tens 
and l)eeonuvs blue in (^(^lor with a hard intens(^~blue centre cone surrounded 
a Softer jenveJope of a lighter blue, indicating that the hydrocarbons -have been 
broken down into CO and lU by p)mbination with the largx^r. proportion of Oo 
present, and that the CO and are- burr\ing simultaneously intoJIgO and Ccfg. 

There is a* limit t(^ the quantity of air that may be premixed for any given 
burner, at which the flame either blows awayrfrom^th(> tip or fl^^es back into 
the mixing pipe or chambarr. With a white flame, so(^Js Being formed which 
will burn to CO2 if the teniperature is high enough ahd sufficient air is present 
around the flame. If insufficient air is present this soot will cool and deposit 
w4u)n it reaches the heating surfaces of the boiler. . 

(l'K2~2~rj-^l4) . • 
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j It is imi^orWmt to appraeiate that soot. is formed in the ^ flame or at the 
' burner and not at the heating surfaces on which it deposits and that it can be 
^prevented only by chaj^giHg combustion conditions so thatit will be consumed 
eithe^r wfthin -or quite' close'^lo the fli^nie. « < , i' 

♦ " The oijly direct evidence. of the j-elattve efficiencies. of the two Jljlpes of 
gas burners - Ihose which pre mix a large' pax:t and those which premlx none 
or only little of the total airlrequired - is by t-he boiler efficiency obtained. . 
About equal efficiencies appear to be obtained by> both methods provided the 
furnace is designed fV^r the burner being used, ^, ; 

Coi^bustion of Oil * 

Oil can be yaporized into' the gases of its comtiynent hydrocarbons if 
the temperature is sufficiently hi^. This is sfeldqm the case in the Shdrt " , 
time available "inNihe combustion chamber. '' ■^'h-*^ 

■ ^ ■ ' ■ 
In practhce the, oil is atomized into extremely small portions go as to 
present mol^e Surface for collpcting heat and so promoting vaporization. ' 

T 

The ^majority of oil burne^rs produce a white flame which indicates 
some sblid carbon is burning separately, ^ .'^/ 
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-Combusjj<on of Coat 

JThis is a much 
more complex process 
thjin the coinb.ustion of % 
either gas^or oil, and 
jljonorally requires a 
much higher draft pres- 
sure to forge the air 
through the fiVebed and 
a larger supply of air 
becjuKsc of the irhpos- 
.sibility of any premjixing 
of the fuel and air. 



'rh(M*(* <'u*(* twT^ (iis- 
tnict stages^ necu^ssary 
for (M)niplote combustion 
of solid fuels on (plates: 




Combustion on a C^j^in Grate Stoker 

(1) Combustion within the fuel bed, 

(2) ^ Combustion oyer the surface of the fuel bed. 
yi'lg. 1 above shows coml?ustion on a chain grate stoj^jyPu 
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*(1) Combustion within the Fuel Bed : ' 

Air (oxygen) passes into the incancfescefit fireb^d and immediateiy combines 
with the carbon to form COo. The COg conies into contact- with more carbon and 
may be converted lo CO (CO2 + C —•-2C0) . The CO may 6orae in contact with 
more Og and be comjpletely burned to CO2 (2C0 + Og— ^ 2C0;j). These reactions 
occur and reverse repeatedly as the air and gases flow through the firebed, but 
as CO2 is unsta6le*in the presence of incandescent carbon there is always some 
CO escaping from the surface no matter how much oxygen (air) is forced through 
the firebed. / , » 

Some of the passing through the firebed combines with the hydrogen* in 
the fuel to form H2Q. Some of this H2O, coming into contact with incandescent . 
carbon, Is decomposed into hydrogen and carbon monoxide (HgO + C = H2 + CQ). 
This process a ls,o occurs and reverses xepeatedly within thfe firebed but as H2O 
also is unstable under firebed conditions there is always some H2 and CO present 
at the surface of the fire. 

^ ■ , ■ . \. . "■■ ■ ' . ■ ■ 

It is evident that air is required Over the surface of the^fire in order to 
buriji these combustibles no matter how. n^uch air is admitted through the grates, 
Mrul'that more is required for Bituminqus than for Anthrticite coal'or (Doke in 
ordcrto burn the larger proportion of volatile's present. 

(2)' Com bustion over the Surface-of the I-\ie/Ded 

^ When grpen coal is ftred it must be heated to the temperature of the furnace 
in order tcf ignite. This heating evaporates the moisture at 'about 93^C Jone kg 
oT wat^r absorbs alSout 2260 kj during evaporatioo under furnace conditions) and 
drivcf^ off the volatiles between 150^ ajid'480^C. As each of these processes 
absorbs heat the tempei^ture of the furnace is lowered. ' ' 

\lf the temperature over the fire is sufficicntTy high and sufficie'nt is 
|)ie,scnt. the volatiles ignite and burn lo CO2 and H2O as expijained previously, 
but if not. they pass to the stack unconsumed and their heat values are lost. 
Thv volatiles mayt)e decomposed into carbon jITW hydrogen and this condition, 
is evidenced by clOuds of dense black srtu)kc consisting jargely of the moisture 
in the coal colored by the unconsumed'ear^on soot. 

While this Ipss is greatest immediately after firing, it will be present in 
liTcaler or less degree at all times if air is not admitted a* or near the surface 
ol tlic fire hecause of the unconsumed U.. and CO, also Cll^ and other hydro- 
carlnms always present, as shown by Table 4. , ^ 

The S|)eed of combustion decreases rapidly with distance from the surface 
of the firebed because the proportion of N2, CO9 and.HgO is continually increase 
ing and hindering contact between the combustible gas and the available oxygjfen 
present. " 
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. (U.S. Bure,au of Mines' Bulletin NoM3T) ^ ' . • . 

Pl3tim.urp yVrnaco Condi tiQ^ris . • : . ... 

^Y()m the fol-egoin^ discussion it is possible to li^t the conditions necessary 
^^n. order to obtain a- rfiaxinfium of heat liberation from the fuel-burned; 



• (1); Sufficient AIR must be adnnitted and some portion of this air be 
r ' ' ' admitted over and close to the surface of . the f'^'^-i^ ^ 

(2) , The TEMPERA TURE must.be hi^^h enou^^^i to iKnite the combustible . 
. \gases given off. ' «. .. .... 

(3) The air must have a TURBUL ENT flow within the furnace to ensure ^ 
its O2 c6nta(^ting with all the combustibles present. 

(4) The leases *n\u St be in the hot /.one for sufficient TIME for combustton ' 
\ . ; to proceecl to completion. 

\ ■ ■ • ■ . ■ , ^ ■ ■ ^ ■ ^ . r 

^Assuming that sufficient air is bein^^'admittc^d , then^t ho recfuircments arcv; 

• . TIME, TEMPERATUIU: and TURBULENCE. 

Th(»r|e is a dc^finite t(Mui>oraturo below whiciv any given combuVihk* will 
r(*fus'e t'(^;)igiute; it is necessaT\v to raise the temperature of a matcTtM^ friction, 
placing \\^p\ contact with a hot surface, or focussiiig the sun's rays on i^t through 
a l(»ns.: hrScc the low-temperature ignition tip is Ught/d. h<)W(»ver . the t(\np(M- 
«'itii! (» ofilKe flanu» is high enough to ignite the stick which has a V(»ry mn(?h 
hi^luM* igjitUion teniperaturo. 

-. ■■• r ' - % 

«Co^o)^^^^st^on is cM)ntinuous (.>ver the "fire for the same rciason; the eI|^mcuU<iry 
.' gases Ht^rid ()jO ignite firvy ixnd heat the" remainder to their ignition tempera-- 
^ tares- A coaLrire rcxjuirds a minirnunv temperature of about 980^C in orde^ to ' 
c()ntinue burning* A ijood hot f.urnace has a tent|)erature of about l^OO^C- The 
temperature is limited by Lhe^cjujdity of the firebrick, 1G50^C being about the . 
^ maximum. ' . / . 

fhe higher the tem[)crature of the f)urning ga«es the more rapid and more 
• efficient Wil/l.be the combustion provic^v^^ jUifficiGnt is presentlJience pre- 
. , heating the ful^nace air raises thcy'efffbiency of combustiori and theTicAa^used.in 
pr(*}ie*ating it is returned to the furnace in* the higher te m ue r a tu r ei^jjllc gases 
in addition. • • ^ " - ' ^^tr^^ 
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. The dependence ot the efficiency of combustion on the quantity of air used 

may be expressed in three ways;, < 

. ' ^ ' ' ' . ■ * 

• (1) PER FE CT COMB USTION iHrWhich exacUy, ther theoreticaUy correct 
amount of .air necessary is supplied and the ct)mbustibles are all connpletely. , 
burned. ... * ' " • .« / . 

• ' ' ■ . • •• 

This |s impossible in any commercial furnace becai^se of, the diffi^ljty 
of CTmtacting between the O2 and the combustibles jin^he presence of lai^gfe 
quantities of .diluting gases. V ' • 

The [:|roducts of perfect combustion Would be SO2, H2O, N2 and aSh. 

/ (2) CpM PLETE COMBUSTION in^hich all the combustibles are completely 
burned but more air than the minimum theoretically required'is' used. 

• • _ . ' - ■ ' .*■*,- ■ • 

This is attainable in ^iny^boiler furnace that is pr<|perly designed for the 
fuel being] used and the load being rai ricd. The resulting stack gases will 
(M)niain Cp2. SO2. H2O, 02^ N2 dnd Ash. ^ , ' 

Thi>ri? will be niore N2 becauseof the excess 02.>,^ • . ' ^ll^ 

(;}) INCOMPLE TE COM D USTION ' in which some of the G, CO and passes 



to the sta 



.^k without libtirating their full quotas of heat. 



The stack gas will consist of CO2, SO2. H2O/N2 togethter with C (soot), CO, 
ll.>. iH'olKibly CU4 or other hi^droearbons and rfHi^ not contain free 02• 
'Th(^ most efficricMit combustion of iny fuel is produia^d when sufficient excess 
air is usi^d to (M)nverl all of it.s carhon content into CQj> and none into CO, 
it . ' 

II mi\y said that excess air is the key to the location of by far the greater 
part ol thr l)oileu josses caustufby inefficient combustion of the fueP.^he twO 
lar^i^st ai'e: ^ , 

' (1) S(;Misil)l(v lu\at carricfiaway by* thp flue . ^ 

(2) l'j[Hl(*voloped heat ia^\ CO, H2'and hydrocarbons. ^ , 

l\tlrct ol Jricorreet f-lxeess Air 

■ ■' " " ' ' ' ' ; ■ % 

T'oo inueli air reduces the furnace temperature and so reduces combustion 
(efficiency; may cause solid carl)on Ip \w coolqd and deposited as soot; causes 
inci cased flue gas temperature because the gases flovV over the heating surfaces 
at a higher velocity and have J inM ig' t ime in whi.ch to give up their heat. ' 

* -Ij^^ J[l.Ui-L^^^ I'esults in incomplete c'ombustipn; depositing of unburhed 

•solid cari)on as soot; production of CO, and when CO is present in the flu<^ gas' 
thdM'c is fjjenerally also some H2 and CH^. Furnace te^mperature is not necessar- 
ily "jtjcre^sed because less heat is liberated "from the fuel . 



Effect of Poor Mixing . . - 

There may be stratification, which means that the air and combustible 
gases flow in separate stream lin^s from the hirnace to the stack, resulting 
in incomplete combustion; all the bad effects of too little and too much air 
may follow. This is the most common boiler ailment and is often 'due to 
thin places or holes in the fire, indicating inefficient operajtion. 



Pure has injgjM^lu^^ 



It is not possible, generally, to exercise very much choice when purch- 
asing natural gas or fupl oil as there is generally one field near the place of 
use which can deliv^#the fuel at a much lower price than any^other field. 

The conditions are quite different however, in purchasing a coal. So many 
fields are worked that considerable choice can bp exercised. The heat value 
alone is not by any means a true index because two coals of similar heat values - 
mky have such widely differing combustion charaQteristics as to i*ender one 
entirely unsuitable for a. given furnace while the other may be quite satisfactory. 

Moisture juid ash have no heating value but are charged for in the pric(^ of* 
yaju'coal and also contribute to freight and, handling costs; the moisture also 
carries iabout 22()0 kj/kg away to the stacl^ whi^the ash has to bear the expense 
of removal. 

Sulphur contributes a very small amount to the heat value of the fuel 
and is harmful because SOg forms an acid, when moist, which corrodes the 
metal flucs^md stack.. Phosphorus also forms a corrosive acid. 

A satisfactory coal therefore should have a high heating vi^ue. with ,a 
minlmui)! of nunstuv^e, iish, phosphorus and sulphur . 

The nature of the a^h is of importance. The ash in some cX)als fuses int^ 
a semi-liquid/ pasty fhass which sinks through the firebed, forms a clinker . 
at the cool loweu surface of the grate," stops or retards the flow of air and 
causes. a large ashpit loss by excessive poking and more frequent cleaning of 

■ . ■ . )x 

KvV/ Air KfMiuiiHHl ^ 

^'I he (juanlity of air in excess of the quantity re(iuired for perfecH combustion 
that iS necessary in an^ given case, depends upon the nature; of the fuel -* solid, 
liquid or gaseous: the load 1jei;ig carried, the dtjsign of the furnace and the 
nu^thod ofjirihg. Average practice indicate^ the quantities to vary about as 
follrr-^VS: , • . . . 

Na,tural Gas . . * 

^ r\iel Oil , . . 
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Coal - Hand Fired , . 

Chain (^r,ate Stokers . 
Overfeed Stokers 
Urujerfeed Stokers 

Powdered hiel , . , 10 to 20% ^ (PK2 -2^5-19) 
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In any ciae, the excess air sliould be kept down to the, minimum that will 
carry tire load without CO being preset in the stack gases. ^ 

Excess Air Measure men t 

— — ' — I' 

^' Whenever a definite quantity of given fuel is completely burned an 
equally definite quantity of CO2 and H2O Is produced. The use of more air 
than is required by the actual combustion process does not and can nbt 
produce more CO^ but the excoss_oxyRon appears in'the flue gas as O2, 
havinR undergone no change while passing through the furnace, as was hoted- 
in Table 3. " . 



Effect of Hydrogen in the Fuel "^V, ^ * 

AH fuels contain hydrogen in addition to carbon; the higher grade coals 

contain small quantities, ilTC! quantity .being greptest for coals of the 

Bituminous class because of their high, volatile content. Fuel oil and natural 

•gas tontain still larger quantities. . 

■, . f 

The'fliie gas analysis ie made at boiler room temperature and the steam 

formed from the combustion of fhe hydrogen is condej^sed to water either 

before reaching or within the analyser and so escapes analysis. The nitrogen 

taken in along with the O2 which has been used to burn the hydrogen appears 

m the analysis, increases the total volume of flue gas flowirng iJnd-tfius further 

reduces the proportion that the CO2 is. of that total. 



i>raetical Working Formulas 

llxcess air quantities calculated on the basis of pure carbon content 
obviously will not be trife for coals containing any appreciable proportion of 
rr(M« hvdrogeiv and still less true for fuel oil or, natural gas which contain large 
l)n>|)orti()ns of hydrogen. . * « 

r * 

Kornuilas whieh do fillow for .the hydrtrgen huve been oaleulated for several 
i:<»als and for, typical gas.samples and it has been found that the' following form- 
uhVs give results suffiei i;htly accurate for practical purposes: 

12 - c:o2 



Natural Cias: Kxcess Air 



Avi-rage Coals; .Kxcess An; 



C(.)^ - „^ 

JH.f) - CO^ 



CO, 



Thrsc lonnulas have hvvf\ {\vv\vvx\ Irorn charts such as shown in V\^, 2, 
the (ictails of which were calculated from the Ultimate Analysis of the coal. 

By moans of the (?hart: * ^ . 

(a)^ The excess air being used can bo found if the.C02 being obtained 
js known; . » . 

' (b) The that should be present 'with any given C()2 can be found; 

(c) The total heat loss to the stack can be found if the flue gas (stack) 
temperature is known; 

(d) The st%ick loss with any given air flow compared M^ith the actual 

loss found from the actual cva{ioration indicates If large unaccounted-^ 
. for losses are occurring. 

(l>K2-2-5ikO) / . ^ " 
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Combustion Graph of a Typical Sub-bituminous Coal 

Fig. 2 

' ^2 ^^^^ U>8a percent for various percentages 
of Excess Air and at various flue gas temperatures. 

Analysis of Coal: Carbon - 59*8% Sulphur - 0.4% 
Oxygen - 26.5% Nitrogen- 1.3% 
Hydrogen - 5.2% Ash r 6.8% 

Heat valuie by calorimeter - 23 260 kJAg 

Shown dotted: 10A%^2^^ ^90 stack temperature 
,. ' Excess Air = 84.0% (nearly) 

Og (should be) 9.7% 
Dry Flue-gas Loss =.16.4% 
Total Stack Loss = 22. 2% 
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, Flue Gas Analy&<i8 



What to expect in the Flue Ga$ 



It will be clear; from the foregoing that the flue gas should be analyzed 

for: 

(1) the product of cojfnplete Combustion .corresponding to a 
maximum liberation of heat; , 

(2) CO, the product of incomplete combustion as an indicator of 

th(5 quantity of undeveloped heat escaping to the stack; 

(3) O2, as an indicator of the excess air being uf*ed. 

The best operation js that which produces a maximum CO2 with a min- 
imum of Og and no CO, . 

** * 

Collecting a Sample 

It has been authoritatively stated that obtaining the sample is far more 
difficult than analyzing it. The sample must be a true average of all the 
gas flowing and^-it is never uasy to obtain a sampl6 that is truly represent- 
ative. TYnt composition of the gas may vary considerably between the outer 
edge and the centre of the gas passage. 

^fhe sampling pipe should be locsfted as near as possible to the ^boiler 
exit and in a straight passage if possible. The holes should ^face towards the 
(lir(U!tioM of flow. As it is in the direcKpath of gas (and soot) flow it must 
l>o ( l(N'mod fr(M|Ucntl>, especially if connected to <\ COg Recorder. .. 

Th(? sampling pipe may be introduced through the brickwork, the side 
oj the (casing nv any convenient (^onnc^clion and the hole be luted with fire- 
clay or stenmuM|[ with soft asbestos rope to prevent leakage of air inwards 
which will dilute the sample and cause inaccurate analyses. 

A filter of slag wool or other sjabstatu^e that will not absorl) moisture 
should b(4 intei posed in the? line hotwec^n th(* connection to the flue and the 
analy/.er. Pipe threads should b(* ckian and well-fitted or' ait^ will be drawn 
into the analy/.er with the flue gas. 

'V hv Analyy.cM 

Kig. 3 illusti ates an Orsiv^ly})e flue gas analy/.er of which there art* 
siH'(*r al well known makes on the market; the best known is probably the 
Hav«. l'\ill instructions are furnished with this instrument. 

It consists i)f a measuring b(Htle or burette A and three containers /B, 
c'nnd I). 

The burette has a scale divided into 2Ltparts which would indi^^ate 21% 
of (:()2 obtained from the perfect c6mbustion of pure carbon. It is water- 
jacketed so as to maintain the gas at the temf)erature of the boiler room dur- 
inf4 the analysis and keep the volume the same for all analyses made* 

Tho throe tjontainoi-H , H, C and I) (jontaln chemical solutions which 
rotnovo tho COg, O2 ^'^^ rcsymctivtvly . 
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Orsat Flue G{is yynalyzer j 
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Container B is partly filled. with a solution of caustic potash (potassium 
hydl^oxide KOH) which absorbs CO^ but does not absorb either O2 or QO, It 
nnay be made up as follows: 

For CO2: Dissolve 500 g df potassium hydroxidt (KOH) ih 1 L of water 
in rubber -stoppered bottle • Absorption pipette packed with rolls of iron- •^-^ 
\yire gauaie^ CO2 abeorbdid quickly . Iron does not oxidize in KOHt One 
charge will do for about 5^ analyses. , / 

Container C is partly filled with a mixture of oaustio potash and pyroRallic 
acid which will "absorb both CO2 ^wid 02^ It may be made up as follows: 

3 

/ For O p: Dissolve separately 7 g of progallic acid in 25 cm of water and 
50 g of potassium hydroxide in 110 cm*^ of water. Mix the solutions form- 

ing alkaline pyrogallate and pour at once into a doiiblo prpettc, KX)!! puri- 
fied by alcohol must not be used. Absorption of O is sloW at or below lO^C. 
One charge is good for about 200 cm^^ of O2. , ^ 

Container D is partly filled with an ammoniated solution of cuprous chloride 
which will absorb C02> O2 and CO* ])t may be m^adc up as follows: 

s 

For (^O: ' Dissolve 15 g of c u p r o u s c h 1 o r i d c (CuCI) and 10 g of ammonium 
chloride (NH4CI) in the minimum quantity of concentratccTimimonium sol- 
ution and dilute to 200 cm^. Transfer at once to double gipette packed with 
rolls of copper gauze » 

The g<is cock G has thr$e positions (as shown in the inset) in all of which 
It is open to the burette: 

Position (1) opens the burette. to the atmosphere. 

Position (2) opens the burette to the aspirator bulb which is 
connected to the. sampling. pipe. 

Position (li) opens the burette to the manifold connecting wi|th 
the containers , B, C ynd D. - . 

The levelling bottle E is used to move the gas from the burette to the containers 
during the analysis: , ' 

i ■ ' ' 

' M(^aHuring t))e S ample ' ■ . 

With the gas cook G open to the atmosphere raise the levelling bottle K; Ihr 
air in tUi} bur(^tte will bo forced- out o-f G to atmosphere. 'Turn C over to position 
(2) connecting it wiih the aspirator or air pump P. Ix)wer the bottle K and hang it 
on the bottom of the case so as to draw in a charge from the sampling tube. Pump 
a charge through G, the burette and the water in the bottle for not less thfln h^lf a 
minute using the aspirator bulb so a^ to clear the pipes of^all old gas or air. 

Raise the levelling bottle E with G open to the atmos^Jhere until the water in 
the burette is^as the same Tevel as the water in the bottle, and both are at //m'o. 

Be careful not to lower the bottle again and so draw in air through* the open cock G, 
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AnalyzinK for CQ p * 

Turn cock G over to position (3) and put the burette into Communication 
with the manifold. Open needle valve N fairly wide and false levelling bottle, 
' .As the water flows Intb the burette the gas is forced into the container B and 
at the sarhe tlmb the caustic potash solution is forced down Into the lowei; part 
of the container, the upper cont?iiner Is filled with steel wire which Is . 
thoroughiy wetted with th^soluftlon. Th^ gases , In passing over this wi/e, 
give up their CO2 content. Do not lift "^he levelling bottle high enough td ?3end 
water into the manifold. \ ■ . 

Lower the levelling bottle again islowly and as the water runs back from 
the burette into the bottle the gas will follow it back from the conta!iner B into 
the burette and the ^solution will again flow upwards into the .upper pai*t of the 
container B, iSe careful not to lift any of the solution into the manifold/ 

Close needle valve.N and loVver the levelling bottle until the level of ^ 
water is the^same in the burette and thei bottle. Read the level in the burette; 11^ 
tho reading on the scale is the percentage CO2 content of the flue gas and the 
excesfi air can be calculated by the formula on Page 20 or from '^i chart similar 
to the one in Fig. 2, if available. . * , 

As a. check on the tightness of the pipe connections and the strength of 
the solution, the gas may be passed several tiipes into the solution.^ If the 
readings reach a maximum value which does not increase, the solution iff good. 
If the reading does not reach a maximum value but rises with each successive 
passage, the pipe line, stop/jock or manifold joints are leaking. 

* ■ , ■ 

The above may read as though the process is complcfx, but/ after an opgr- 
N^ator has made a few analyses , he should have naa diffi<^fty at making 
one in two minutes or evenUess . ' ♦ * * * 

■ . . -. ~ 

An alyztng for Q g ' " • ; ^ 

Kxactly the sani^ process i,s carried out in analyzing for Og^ After the^' 
reading for CO2 Has reached'a stable rnaximum the gas is passed into con- 
la inorC and its volume measured after\vards. This reaction is* slower attd . 
should be given three or fOur^'afes^s in order to reach # constant Reading. 

The difforence^twcen the reading after analyzing for O2 and that obtained 
alter rojnovini; the COn will give the percentage of O2 in the flue gas, 

FxacAy the same process is followed i^n analyzing the remainder of the gas 
, for CO. This reaction is slower than either of the two preceding 6nes and gen- 
oral ly requires several passag^s/of the gas in order to reach a stable reading. 

As the cuprous, chloridti in D Willi absorb Og and COa as well as CO It is 
essential that all the Og^and COg be rernoved before analyzing, for CO. Simi- 
larly all the COg mufet be removed before analyzing for 0«. As the Solutions in^ 
C and I) will both absorb On from the air, care should betaken ^o prevent air 
netting into the lowor containers by using the rubber bags and stoppers provided 
with the instrument. ' » 





= 12.2% 




' 02 


= 5.1%' 




CO 


- 0.4% 











A sample analysis might be; 

First reading; 12. 2 

Second reading: 17. 3 17.3-12.2 = 

Xhird r.eading; 17.3 17.7 - 17.3 

Interpreting the Analysis 

There is little use in knowinj^ that operation is poor unless means are 
taken to improve it. J 

The excess air being used can be found by calculation, and by comparison 
with'the excess air considered good (dr the method of firing, an opinion can be 
formed of the efficiency of operation. . ^ . 

Tables^showing good, bad and indifferent»C02 analyses are given in various 
books but these have little value unless complete details are known regarding: 

(1) Kind of coal and its analysis'. 

(2) Method of stoking: hand* stoker or powdered fuel. 

(3) Method of causing draft: chimnev, forced or indiKJed. 

(4) Furnace volume compared witmhe grate area. v 

(5) Rating, at which the boiler is Upng operated which controls ^ 
the rate at which fuel is bein*burned. 

n Each of these factors will change the excess air required, therefore no 
will be best for any two plants which differ in any of them. The^;^ Is a BEST ' 
CO^Vo for any given plant at any given load when burning any given fuel, which 
will not oe the same for any other load or fuel. 

The BEST C02% is the one that gives the highest boiler efficiency. This 
can be found by running a six or eight hour test under steady load taking CO2 
analyses every 10 or 15 minutes, at the same time reducing the air supply until 
smoke or CO jus^t appears in the flue gas. This gives th^ maximum 
excess air/that can be used economically. 

If such tests are run at dj^ferent loads or ratings, a valuable set of data is 
obtained giving the best C02% for different loads. ^ Sjjch data will indicate: 

(1) The i'(»lative efficiency of the shTft men'. 

(2) The cleanliness of the boile^ surfaces (Soot and scale). 
('A) Th(? condition of the baffles. 

\ (4) The tightness of the boiler settings. 

The Orsat analyzer gives percentage by volume of the flue gases, whereas' 
analysis of/fuels generally, and efficiency calculations are based on percentage 
by weight. The following for inula correlates the two values. The Symbols rep- 
resent volumetric percentages of the constituents of the gas analysed while the 
result is the dif^ gas per kg of carbon: 



d|»^ gas per k 
{h»^^r kg ca 



Dry gr^ok-r kg carbon - 2 2 ^ , ^ 

3 (COg ^ CO) ^ 



the afiu^im is iriade here that the combustion of any fuel is cfiie to the 
oxidization oi carbon^ either freejor combined* The only gases which car\v exist, 
then, are carbon dioxide, carborr monoxide, oxygen and nitrogen, all the carbon 
coming from the fuel^ while the oxygen Vnd nitrogen are from, the air irjtroduced 
for combustion* 

The principal assumption of this formula is that the aiialysis as used is 
of dry gas, but in practice there will be a negligible amoutit of moisture fr^m 
the air, and a varying amount due to the hydrogen content of the fuel. 

One^further error and one which can be rectified to a large extenC by mod- 
ifying thft formula is that resulting from the presence of sulphur in varying 
amounts in most fuels • This sulphur burns to SOg which is absorbed' in the 
analyzer as COg, ^ ' \ 

From Table 1 > one kg of carbon resulted in 3*67 kg CJOg while the mass 
of SO2 from l^kg of sulphur is 2.00 kg. A correction factor is then added to the 
pr^ytous formula (which, incidentally, is based upon the relative density of the 
gases present) giving us the following: 

Dry gas per kg as - . -* 

■ .Ld fuel burned = U CO,^ 8 O, ^7 (N^ . CO) ^ as\. fs 
-- . ■ ■ 3(C02+CO) V . 

. Kxample 3 

Calculate the mass of dry fl-Cie gas from the following analysis: 
CO2 ..13.1% 
O . . . , 6.1% 
.. . . ^ 80.8% " • 

Composition Of coal shX)wed 80%"^ C and 1.2% S. 

Solution 



Dry gas per kg as fifed fuel burned 



^H4,li^U:Lim|::,. 8045 + .0075 

' ^•■8M5,..O075 . ■ ^ • . • ■ . ■ , 

= 15.55 + .0075 • 
■ - 15.5575 kg (Ans.) . • » . • , 

■■ ■■- . ■ 

The above formula is necessary in the calculation of boiler efficieTicy tests 
as will be shown in a later lecture. 
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Flue Gaa Analyflig >burntnit Oil ojf; Natural Gas 



The maximum percentages attainable when burning oil or gas are 
considerably lover than those that can be attainec^ from the combustion of coal 
because of the different ratios between the carbon and hydrogen constituents. 
The perfect combilstion of crude oil with no excess air will give about 16% CO2 
in the flue gas and the combustion of natural gas under the same conditions , 
will give about 12% COg. V , " 



In practice, the excess air cannot be reduced below about 20%, which 
gives approximately 13% CO2 for crude oil and 10% CO2 for natural gas , as 
the maximum percentages obtainable under working conditions. . . 



Table 5 gives a comparison betw^n the proportions of CO2 and O2 in the 
flue gas for coal, crude oil and natural gas , w.ith varying percentages of excess 

^ Table 5 • 



air: 



'■-^ Fuel 


(products 


Percentages of Excess Air 


0 




20 


40 


60 


80 


100 


• 

Coal 

0 ^ 
•0 ■* 


COo 


18.6 
0.0' 


16. 9 

2.0^ 


15. 5 
3. 5 


13.2 
6. 1 


11,3 
8.,0 


10. 2 
9.4^ 


9.2 
1».6^ 


Crdde Oil 


C0„ 

< 


15.8 
0.0 


14. 2 
2.0 


13.0 

.3.7 


11. 1 

6.2 


9.6 
8.2 


8. 5i 
9.6 


7.6 J 


Malural Gas 

^ — . ^ — — H I'm* 


-co,, 


12.0 
0.0 


10. 8 
2. 1 


9.8 
3.8 


8.3 
6.4 


7.2 
8.3 


— \— 

6.3 


Yy.o 
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> •"• QUEjfTI ON SHEET ♦ 

. ■> Second Class. 

POWER ENGlNEEBiyG ; Sect. 2. Lect. 5 

1. What Information is obtained from : 

(a) Proximate Analysis Of a coal ; ' 

(b) Ultimate Analysis of,a coal. 

(c) Of what practical value Is each Of these analyses to the 

.. Engineer ? -f ' 

■ ■ . • ■ 

2. (a) A coal has the following ultimate analysis by mass per cent: ^ "^ 

Carbon 82, 15 

: Hydrogen • ^ 5, 09 

Nitrogen ♦ ♦ 1,48 ^ 

Oxygen 7,32 

Sulphur ^ . 0. 82 
• • A'sh. / \ 3.14^' 



100.00 

Moisture by proximate analysis is 4.'95 per cent. 
Calculate the free hydrogen, combined hydrogen, total mass 
of water vapor per kg of fuel in the flue gas, and the heating 
value per kg of dry fu6l. ' . 

(b) Find the mass of air theoretically required to burn one kg • 
of this coa^ . ^ - 

(c) How much air would you suggept be supplied per kg of this 
^ coal if Ihe method of' firing is * Pulverized Fuel' ? « 



^ < 



■L 



3. (a) Sketch and describe the Orsat Apparatus, n^kming ail the chem- 
^ icals used and their purposes, / ; 

(b) Describe the procedure of^naiyzing a flue gas with this apparatus. 

4. ^ What is the effect U|:x>n the flue gas analysis of air Jeaking into a* boijier 

setting V ' * , ' 

5. (a) What optimum furnace conditions ar^ necessary to obtain a* max- 

imum 'of heat liberation from the iuel burnecl? ' 

(b) Discuss the differences between: if . 

(1) Perfect Combustion, 
.(2) Complete Combustion, and 
(3) Incomplete Conribustion, 

' ■■ ■ . . ^ • V. 
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COMBUSTION — AIR AND FLUE GASES 




GoaH: ^ 



Performante IncUcatprs: 



T^e apprentice will be able to 
describe air and flue gas 
relatldnshlps in combustion,' 



^ ^^^^^ '^^^ ; - 



'•*.'/'.■ ■ 





* Read thfe goal Derformance Indicator to find what is to be leiarne4 from 



\ 

worpr t 



y**^ R^ad the X^abulary ll% to find ^ew woi^jjr tnat will be used in jpackage. 

^ Read the %Qtroductioa and inf oriiiation^ 

* Compietis the job sheet . < 

* Complete ^elf-a&^essment . 

* Gomplete' post*-assessment^>#^^'0^^ 



i -r, ■ 



0 
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* Analyzing cells ^ 
^ Automatic gas analyzop^ 

* Qarbon dioxide (CQj) 

* Carbon monoxide (CO) 

* Combustible analyzing cell 
^ Compendatlng, filaments 

* Excess air 

* Measuring filaments 

^ 'Oxygen analyzing cell 

^ Sulfur dioxide (SO4) 

* Theoretical air 



9 ' 






The combustion process must be carefully monitored if efficiency in combustion 
ts desired., Flue gases hold. the clues that jtell us whether th^ combustion was 
complete or incomplete^ 

Since flue gaiea cannot 1)e physically measured, -they must be anlyzed by chemical 
l^rocedures. This can be accomplished by a laboi^tory approach or through the use* 
of automatic analyzers. ^ ' . * . 

f Once the analyses have been completed, thei operator must make adjustments to 
idllrove the eombustlon procesij. If too muth CX) is found in the flue gas, 
combustion is Incomplete and more air should be supplied, , 
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INSTRUeTipNAL LEARNING SYSTEMS 




Complete comliustion requires air for oxygen. Air contains 2\% ojfygen and j|79X 
- nitrogen. The amount of air required fbr complete combustion is called 
theoretical air . In practice, mote air must ^e added beyond the theoretical air 
to- as8U9» that al| fuel comes in contact with oxygen molecules. Excess air is 
that amount of air added beyond the theoretical air requirement. Excess air is 
st^own as a percentagjg^i^ theoretical air. ^ 

Combustion in the^presence of excess ^air produces substances that will appear in 
the flue gas. These are called the products of combustion,. Complete 
combustidon g:|ves products of carbon dioxide , sulfur dioxide , water and excess 0^, 
Carbon monoxide in the flue gaslp a product' of incompl^e combustion. The 
efficiency of combustdLon be^^termined-x.by dna3|rzing the flue ^as. 

" Flue Gas Analysis 

A flue gas analysis determines the volume percentages of carbon\ioxide (CO^ ), 
carbon monoxide (CO) and oxygen (Oj). Water and sulfur content are nob normally 
measured in a flue gas analysis. * * 



The maximum content for CO^ of various fuels is as follows:^ 



* Coal 19Z 

* Oil' 15;5:t 

* Nautral Gas 12% 



? — - 



These maximums are based on absence of excess air. If excess air is supplied, 
the percentages of CO;j^will be reduced. / 



The analysis procedure can be completeU by use of: 



* Orsat Apparatus <— a device composed* of burrettes, bottles, bulbs and 
valves . ^ ■. '■ ,^ - . ■ ■ . 

* Automatic gas analyzer which collects the sample, .tests and records 
results. 

The steps in analyzing for CP>. with the Orsat apparatus sre laboratory 
procedures that require detailed and 'pains tailing effort. This process will not; 
be detailed in this package,. The apprentice that wishes to master the process 
should consult a raaitual. The same sppsratus is used to anplyze for 0^ and CO 
content. ' 

, r . . . ■/ 



Oraat Apparatus 



Automatic , Gas Analy zerfl , 

6" 



' ItsTSTBUCTIONAL LBAW^IINQ SYSTEMS . 
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l^ch, analysing coll contains the two platlmum filaments. There is 
oxygen analyzing cell^ and a Co|nbugtible analyzlnR cell in an analyzer, 
diagram of dn automation gaa analyzer is shovm below. 



an 
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COMBUSTIBLES ANALYZER COMPCNSATING FILAMEW 



AIR FLOW CONTROl ORIFICE- 



AtR PRESSURE 
RCCULATING VALVES-^ 



COMfRESSeO' 
AIR- INLET— >G 



OXYGEN AffALYZER MEASURING riLAMCNT 
OXYCEN ANALYZCR C0MPEN5ATINC FILAMENT 
OXVOCff ANALYZER SAMPLE QRlPlCC 



AIR FAILURE ALARM SWITCH 

EXHAUST TUBI 
COMSUSJj^BLES ANAlVZER SAMPLE ORIFICE 

■ V 

Automatic Gas Analyzer 

A ^ •• . 



'SAMPLE PRESSURE 
REOULATINO 
VALVES * 




'GAS SAMPLE ' 
INLET 



SAMPtC FAILURE 
ALAfiM SWITCH 

— V 

I wjar' mm tt ^ . 



EXHAUST TUBE 
HYDROGEN FLOW CONTROL CAPILLARY 
.HYDROGEN PRESSURE REGULATOR 
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Read pages 13 20 li) the supplementary reference. 
* Complete Job sheet . 

^ Complejte self -assessment and check answer's* 
^. Complete post-aspessment and asic instructor to 



check answers « 
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Job Sheet 





ASSIST JOURNEYMAN IN ANALYZING aUE GAS 



* Ask experienced operator to assist in (naklng'flue gas- analysis. ' 

* • * 

^ Observe their techniques in: 

- Pulling the gas sample . . 

^ Testing for, CO^ ' n ' 

Testing for- 0^ ' 
Tftpting for CO / . I, 

^. Observe the computations Ci,f percentages. 

Ask operator. to explain findings* v 

^ Ask operator to explain action|i to be taken. as a result of the test, 

f If automatic gas analyzers ^re>used, ask operator to explain the recorded 
analysis • 
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1^ 



0 SGlf 

Assessment 



9- 





1. 
2. 

3. 



The exact amount of air needed to achieve complete combustion is called 

air . ■ ^ 

. . . r f . 

Additional air beyond that needed for complete combustion is aded so that 
all fuel will be expo9ed to oxygen. The additional air is called 
> * air. ' ■ . - 



The protiucts of complete combustion are 
sulfur dioxide, H;jO and 0^. 

A. A product of incomplete combustion is 



5. What three substances are analyzed in a flue gas analysis, 



6, Are' sulfur and water content of flue gases analyzed? 



7. The maximum CX)^ level is lowest for 

8. Th^ 

9. 



fuel . 



apparatus is used for analysing 



flue gases. ■ ' 

What are th6^ measuring devices in an automatic gas analyzer? 



10. Automatic anaiy^^ers use compensating filaments and 
filaments in the\analyzing cells. 



10 



lN8W&CTlt3NAL'llARNINQ''SYSTBMS^ 




1. Theoretical air 



2. Ejccess air 



3* Carbon dioxide 

^ A. Garbon monoxide 

5. CO^. 0^, CO 

6. Ho 



7. Natural gas 



8. Orsat 



9. Ahalyzing cells 
10. Compensating 



INSTRUCTIONAt-LEARNING-^YeYEMS 





1. Flue gas canJbe analyzed by two methods / List those methods. 



2. List two types of filaments ih the analyzing cells,of >lfn automaj:ic ga^ 
analyzer, - ^ 



3. List two types of analyzing cells in an automatic gas anal)^er 



4. Air contains 



% nitrogen and 



% oxygen. 



r 



f 



5. List the product^ of complete combustion, 



What iS|^th(B major product of incomplete combustion? 



7. How is the sulfur content of flue gas measured? 



8. What is an Orstat apparatus used for? 



9, Is the percentage levels of CO^ increased 9r decreased ^wlth the addition 
of excess air? 



vlO. What substances are analyzed in a flue gas analysip? 



1^ 
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K Orsqt apparatus/ automatic gas analyzer 
2. Measuring and compensating 



3. Oxygen anaXyzj^ng cells ^nd combustible analyzing cells 

4. 79% nitrogen ^and 21% oxygen V ' 

. 5. Carbon dioxide (CO^), sulfur dioxide (SO^), water,' oxygen (0^) 

■A ' - ■ ■ ■ ■ ^ * ■: ■ 

$y Carbon mqnoxlde (CO) 

7. Sulfur Is not measured • , 

8. 1 Analyfe flue gases 



9 . Decreased 



10. CO , 0 , CO 



, 'I 
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* Correspondence Course, Lecture 5, Section 2, Third Class, 

Southern Albtsrta Institute of Technology. Calgary, Alberta, Canada. 
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SECTION 2 
PXJVNT SERVICES 



> Third Class 
Lecture's 



FUELS & COMB USTION 



. The term combustion refers to the burning of the fuel in the boiler fur- 
nace in order to produce large quantities of heat which must then be transfer- 
red to the water, in the boiler. The Power Engineer should be familiaPwith ? 
the methods ^usedito transfer this heat from the furnace to the.wat/?r and he^ 
must also understand the process involved in the combustion of the fuel in the 
furnaceo ' 



( 



Bofler Heat Transfer . 

^ •■ ^ ■ , • 

As discussed in Lecture 7, Section 1 of this course the three metht^ls 
by which heat may be transferred are: radiation , convection and cond^jction . 
All three methods are involved in the flow of heat from the boiler furnaee to 
the Water and steam contained within the boiler. ... 

In the modern steam generator, the greatest part of the heat produced 
^ by the combustion 'of the fuel within the furnaer is transferred by' radiation to <> 
the water w»ll tubes which Uitrm the fujrnaee enclosure. Some heat also radi- 
\ates to ahy superheater tubes which are located in the furnace proper. 

\ Any boiler and s'uperheat(»r tubes which are not within the radiant zom* 
ancl all (»eonomizer and air heater tubes receive heat by convection currents* 
uf hW flue gas travt^lling from the furn^aee. ' ^ . . ' 

Vhe ratio of heat transferred by radiation to the heat transferred by con*- 
. veetionVill d'^jpend upon the design of the steam generator . As stated previous^- 
ly, the usual arrangement is to have the greatest part of the hejlt transferred to<» 
the heating surface by radiation. This is because the rate of heat absorption 
per square foot of heating surface i^ much greater with radiant transfer than 
with convection transfer. Thje rate of heat transfer by radiation vyill depend - 
largely upon the temperature! within the furnace. The rate of heat trans f^?r by 
convection wWl depend upon the amount of gas flow as well as the temperjalure 
of thesjj gasee.y ^ 1^. 

' . . , \ 
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, When; the heat reaches"'the surfocos of the tubcij it is transferred through 
the tube walls to the water or steam within the tubes by conduction. The water 
in contact with the tub>e walls becomes heated and will expand and- rise due to ' * 
It6 decreased density. C(rtder and more dense water will take its place and 
will in turn be heated and will rise. In this \Vay convection currents are set 
up which produce circulation of the boiler water. The tubes which are exposed 
to the heat will produce bubbles of steam mixed with the water rjsing in them. 
These tubes are referred to as risers because the steam-water mixturo flows upward 
Ij in them. Other tubes which are unheatod or exposod*to less heal arc called 
Qowncomers and In those tubes the cooler and more dense water will How down- 
wardly, j ' 

Figure 1 illustrates how this. circulation is produced in a S(imple water 
tube boiler circuit. • 

Steam-water , ■ • 

miKture 



Simple Water Tube Circui^ 
Figure 1 . 




Stenm 



Water 



Efficient Boiler Operation 



In order to operate a boiler with, the maj^imum of efficiency the following 
conditions must be fulfilled; 

1. The heating surface through which the heat is transferred to the 
• \^ boiler water must be large-, must be covered with water at all 

times and must be kept clean.' If pAssible, the surfaces receiv- V 
ing heat by convection should bo arranged at right angles to the 
hot gas flow in order to absorb all possible heat. 

2. There must \v2. a constant and positive circulation of water through- 
out the boiler; • . • i 

3. All parts of the boiler must be r^dily -accessible for cleaning, re- 
.pair and insfxjction. 

4. . There mUst be complete separatioh of the steam from the water 

before the steam leaves the steam drum. 

5. Any impurities deposited by the boiler water should be able to ' 
■ collect In mud drums or headers located away from the action 

of the fire. 

6. The combustion chamber or furnace must be designed to ensure 
the complete combustion of the boiler fuel. ^ 
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^ThCsc conditions all depend to a hu^ge extent on the design of the boiler. 

However, the cleanliness of the heating. surfaces and the completeness of the 
combustion of the fuel will both b*e affected by the method of operation* The 
methods for maintaining clean heating surfaces will be covered in a later lec- 
ture. The problems regarding combustion will be discussed in the following 
sections of this lecture. 



Heal. Losses • ' . * ' 

When a given amount of fuel is burned completely, a definite amount of 
heat is produced. If the fuel is not burned completely then the ampurnl of heat 
produced will bo reduced accordingly and the cost of operating the boiler will 
rise. In other woids a portion of the fuel will be w;isted. 

However, even when a fuel is burned confj^!5let<;ly not all of the heat pro-- 
(luced will be transferred to the bojlor water. /Some will be lost due to the 
heat left in the flue gases leaving through the chimney and^ome will be lost 
to the atmosphere by radiation from external boiler surfaces. 

These losses may be reduced to some extent. 'In the castfof the heat in 
the flue gases, a pprtjon of this may be rec^^vered by the use of air heaters 
and economizers. Heat lost through radiation^ from boiler external surfaces 
may be reduced by the use of insulated boiler casings. Air heaters, econo- 
mizers and boiler casings were all discussed in Lecture 3, Section 3, 

Assuming these losses have been reduced to the minimuni, it remains 
therefore, for the power engineer to maintain boiler efficiency by ensuring 
that Iho process of combustion within the boiler furnace is as complete as 
possibl(\ In order to accomplish this it is necessary thr\t the basic laws of 
combustiorb and their application in practice are thoroughly understood. 



Definiti^on of Combustion . ^ ' ' 

. t> * 

. Combustion lb the boiler furnace may be defined as the chemical com- ^ 
hinalion of ccrtait^ elements in the fuel with oxyj^en obtained from the air. 
The* result of this combination is the release of energy in the form of heat. 

lU^cji iiremenLs For Complete Combustion v . ' ' 

In order for the fuel to burn completely in the furnace the following con- 
ditions must be fulfilled: , - 

1. Enough air must be supplit^d to the furnace in order to provide 
sufficient oxygen to combine witli all the cohibustible elements 
of the fuel , 

2. The air and tho fuel must be thoroughly nrlixed together so that 
(lach particle of.fuel can come in contact with tht; necessary air, 
This thorough mixing of fuel and air is known as turbulence. 
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3. The tcinpehUuro in the furnace must bo above the ignition 
temperature of the fuel to ensure that thte combination of 
fuel and oxygen takes^ place rapidly, ^ 

4, The furnace must be designed to allow enough time for the 
combustion to be completed before the fuel strips the re*^ i 
latively cool surfaces of the tubes. . ^ ' 

The above requirements may be sunnnm^d up as enoutth air plus' time , 
temperature , and turbulencje. The latter three requirements ar,e often re- 
ferred to as the three T 's of combustion. 



Classifieation^of Fut^ls 

To be classed as a fuel a material must contain elements which will com- 
bine rapidly with o?<ygcn to produce combustion. Two of the most common ele- 
ments with this pr^operty are hydrijgen and carbon and^all commercial fuels con 
tain a large proportion of these elements. 

^ Fuels are classed aoeonlingj,o whether they are in a solidyna liquid, or 
a gaseous slalo. The most common solid fuel used for sleam generation is 
eoah Occasionally wood is used in some special applications • The liquid 
fuels used In boijers are<^usually petroleum crude oils with the lighter more 
refined fuel oils CFsed in gorrie cases. The most commoi\ gaseous fuel is nat- 
ural gas with by-product gases, such as those produced Witicn crude oU is 
procefeged into gasoline or those produced as .a by-product from blast fur- 
naccs, being u^ed occasioftaUy^ , 



I 



Coal / ^ 



re earb 



The eoiislitucitts of coal are carbon, hydrogen, oxygcji, sulphur," nilro-^ 
gen^ moisture and ash. Coal originally existed as vegetable matter and this 
vegolable matter then underwent geological changes which transformed it lo 
its prt^sent state.^ Gcnci«jilly speaking, the greater the gcolofjioal changosUhe 
g!*eatvM^ will be the porccntafje of carbon within the coal. iSome of the carbon 
is (»6mbined with hydrogen lo form hydrocarbons. .Thes^* hydrocarbons along, 
witiy other c:ompounds are known as volatile matter as Ihcy pass off a\s a gas 
wh(/n the coal is headed. The pnrl of th(» c^arbon remaining after the volatile 
matter is driven off Is known as fixed (;arbon . . .'^ / ' 

('oals arc divided into classes or groups ac(;ordinK to various charac- 
teristics such as their perc*entage of fixed carboh and volatile matter and Ihejr 
heatint; value. The classes >vhich concern the Power Knginec.r are as follows; 

1/ A.nthriicite ^ ' ■ 

■* . ' '" " " ' ' ' 

• . . ^ f ■ . (► 

This coal is harder than any other tyjx* and has a shiny lustrous 
appcara.nce. It has a high percentage of fix^tuJ carbon, over 92 per- 
cent, Bad less than 8 percent of v<;|^lile matter. It is slow to igniter 
but burns at a high l(»mperature with a .shf)rt ch.^ar flame* and no 
• ^ smokO. It is used ^.o a liniil(Ml (»xtcnt in pow(*r plxnits due lo its high 
* cost. ' ' 
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Scniianthntnito 



This coal is dark gray in color and burns with a short clear 
llame. It contaips between 86 and 92 percent of fixed carbon and 
between 8 and 14 percent of volatile material, hike anthracite, 
it has limited use in power plants because of high .cost and scarce 
supply. 

♦ . ■ * , 

Bituminous 

■ . ■ ' i\ 

This class of cpal has several sub-divisions aecurding to the 
volatile content* Low volatile bituminous has between 14 and 22 
percent volatile material: Medium volatile bituminous has from 
2'2 to 31 percent volatile material. • HiRh volatile bituminous has 
several grades one o{ which features over 31 percent volatil(»s. 
Xhe other grades of high volatile bituminous are ranked 'accord- 
ing to their heating values* * ' 

In general, bituminous coals range in color from black to dark 
brown. They may be either paking or non-caking. That is to say 
they either tend to fuse into a mass in the furnace (caking) or they 
burn freely without fusing (non-caking or free-burning). p. 

Bituminous coals are generally considered to be the best suited 
for^ower plants as their cost is reasonable and the supply is plenti- 
ful. * 

Sub-bituminous / 

These coals are black in color arid have a high moisture con-* 
tent. They disintegrate when exposed to air and are difficult to 
store* When burhing t)iey do not cake' but burn freely. Due to > 
their high "lojtffture content they aro ho.t usually shipped for power 
plant use, . 

Lignite 

These coals are brown in color and have a laminat(ul fibrous 
structure. They have high ash and high moisture content and their 
heating value is low. Due to, this high moisture content and low 
heating value it is not economical to ship lignite coal long distances. 
However, it is commonly used by power plants which are IjKiated in 
or adjacent to lignite coal fields. ' ^ 



PE3-2-5-5 



v 



151 



Typical Coal 8 

Table I shows ihti constituent percentages o/ some typical coals. 



uisirici ^ f 


r ixcu uaroon 


voiattio 


" » ' 

Moisture 


Ash 


Heat Value 
kj/kR 
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1 • u 




Crowsni»}>l 


57 . H 


24. 9 




14. 8 


29000 


DrumhoUer 


44.2 


30.7 


18.2 


6.9 


22700 


Wabamun 


3d. f) 


26.5 


21.8 


12.2, 


J 8580^ 

17130 


lilcnfa.it 


33.0 


26. 0 


35.0 


6.0 


Kstovun 




24.4 


35.2 


S).6 


15580 > 


Pennsylvania 


66.5 . 


20.6 


3.4 


- 9.5 


31610 
\-- ■ ' 



Table 1 



These values should be taken as being broadly representative only /as 
samples taken from the same district and even the same mine v^ill often vary 
considerably in composition and heating value. 



Pulverized Coal / 

Pulverized xjoal is coal -whigh has been ground or crushed by mechanical 
means to a fine dusTMUl^e powder. When it is in this form it may be fed to the 
boiler^furnace by means of a stream of air which not only carries the pulver- ^^^^ 
ized fuel but also provides some of the oxygen necessary for .colTij)ustion. ^ 

With^the coal in this fx)wdered form it can be easily and thoroughly mix- 
ed with the combustion air and. therefore burned efficiently. This means tluit 
coals of lower grades and lower qosts may bft used. 



Another advantage is the ease of control. Coal in the pulverized form 
3 regulated as easily as can oil or gas. 



can be 



This methml of burning coal is used usually in the largo capacity plants 
particularly those located in or adjacent to large low gradfe coal deposits. 

Fuel Uif 

Fuel oil abused for steam generation is a petroleum product and may be 
one of three main types aocording to the method of prcxluction. * 



1. Crude petroleum is occasionally used as a boiler fuel and it is 
petroleum as. it comes fi^bm the well without undergoing any pro- 
cessing. As it still contains volatile products such as gtisoline 
it presents a fire hazard during storage and must be used with 
care. , - 

I'P:3-2^5-(J ' ^ . ■ 
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2. If the crude petroleum Is submitted to a partial refining process 
such as limited distillation, then the gasoline and other highly 
volatile products can be removed and the residue left will be a 
saf^ fuel oil known as heavy or residual fuel oil. 

3. If the crude petroleum is submitted to extended distillation pro- 
ceNjses then among the products produced will be light fuel oils* 

The m(in constituents of fuel oils are carbon and hydrogen combined ' 
into hydrorcarbon c6mpounds, small amounts of oxygen, sulphur, nitrogen, 
and some traces of ash. ' 

typical analyjjls of a heavy fuel oiT^^ould give the following perpentages 
yby weight. 

Carbon , 85,7 , 

Hydrogen . . . , 10.5^ 

Sulphur ^...2.8 

Oxygen and Nitrogen ... 0.92 
Ash 0.08 

The heating value of such an oil would l)0 in'lhu area of 452(50 kj/kg. 

Fuel oils are divided into five classes numbered 1, 2, 4, 5, and 6, 
with No. 1 designating the lightest grade and No. 6 the heaviest. A former 
grade, No. 3, was eliminated some years ago. No. 6 oil is also referred 
to as bunker C and it is the cheapest and most commonly used fuel oil for 
steam generation. . 

Among the advantages of oil miiv coal as a boiler fuel arc: reduced stor- 
tige problems, cleanliness, ease of control, less- handling equipment and less 
labor required, and higher combustion efficiency > 

Natural Gas ^ 



/* Natural gas is foimd witliin porous rock or within cavities found in rock 
fo«-mations. It is obtained by drilling Svells into'the gas bearing fo/'mations an/C 
it usually occurs in^conju|Tction With crude petroleum . ? 

The main constituont of natural gas is methane, a compound of carbon 
and hydrogen. Smaller qmmtities of other hydro-carbons such as etliano and, 
some nitrogen, oxygen and carbon dioxide miU<e up the other constituents. In 
some cases the natural gas may also contain an appreciable amount of hydro- 
gen sulphide which is removed and converted to sulphur before the gas is used 
as a fuel. The sulphur thus obtained provides a valuable product which is In 
high demtmd on world market^, 

A typical analysis of natural gas is listed below with the values as volume 
p<;rocntages . • . 

Methane 77.73 

Kthanc , . . 5,50 

Other hydny^carbons ....... 4.21 * 

Hydrogen sulfJiddu 7.00 

<:ari,„n,|loxl,lo .... . (T.M ,.„;:, -ii -,, v 
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I he hoiUlnn value of nuturnl gas will viiry acoovclinfr l„ ns cohstituonls'~^ 
amU'xin-csHod In terms of maaa will generally run from 1(1120 to 55700 kj/jur. 
It is more usuaU however, to rate the heating value for a ilas in terms of vol- 
ume and natural gas usually has a value of about 37250 kJ/^'Tat standard tem- 
perature and pressure of 16"c and 101 .3 kPa. I 

Natui-al gas makes an ideal boiler fuel as il yields no or residue. 
It can be easily mixed with air, requires no extensive handling e(iui|)ment in 
the plant, and is easy to eonlj-ol. lloWever il|is usually mori- expensive than 
the solid and I i(iuid lue|s and its use usually involves long lai|ge diameter pipe' 
lines lor transmission to the plant. ' 
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F^uql Anal\ sc!H . . •. 

In order to determine various aspeeis of a luel, such asiils burning 
eharaeterisUes, heating value and amount of air required for d-ombuslion . 
It IS neees.sary lo analy/.e the fuel. In this way the eomponenls of the liud 
and their amounts are found. 



'^^\vo types of analyses may be carricM out and Ihev are railed the 
l^-^i-'^ :>n(l tht' ultimate anal ^ 



Pioximate Analysis ... 

This analysis is carried out on a, solid fuel sueh as eoal and determines 
the perrenlage of moisture, volatile material, fi.xed carbon and ash. This wil 
indicate lo a certain extent the behavior of the fuel in the fu>nace and the best 
method ol firing such a fuel. . 

4r\ \ 

The iiielhod used lo obtain the aniilysis is to heal Ihe coal and Ihus drive 
oil ihe moi.;|lure and yolaliles-. Then Ihe earl)on is burned and the residue lefi 
i.s (••iiisidei'ed lo l)e Ihe ash eonlen4-i ' 



f 

l o drive off thc moisluro a coal sample is healed in an ovon at \()\^r 
lor one hour. The percentage of moisture will he the loss of mass of the 
.sample divided l)y the mass of the simiplc before heating times 100. 

» - . ' • 

^ To determin(< t.he percentage of vulallle materi.iTNi .second coal sample 
IS heated In a covered container in a ?)r)4"(^ oven for scvt-^i minutes. The loss 
()f mass will represent both moisture ruul vo|.atil(> materi/l .and the iu<rccntare 



ol vol.iiile m.iierial is fouiul l)y suljtracting the pr(!vious 
jpeicent.-ige. 



y obtained moislurc 



The next step is to heaU another samph; at 7(1()''(' Lv 2 hours until it is 
complelely burned'. The remaining residue will be the ash eonlent pf the fuel. 

. The perrenlage of fixed carbon is Ihen taken lo l)e the difference be 
tween 100. and tlu-sum of rhe ash, volaliles and moisture pc rcei'Uagds . 



Table I on page (5 of this lecture shows the proximate analyses 
coals listed . . . • ' 



of the 
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, While the proxijnate analysis is sufficient to determine the burnirfk qual- 
ities of a fuei; a more detailed analysis is required in order to carry out com 
bastion calculations, ;i>is more detailed analysis, called the ultimate analy- 
, sis, brealcs down the fuel chemically Into all its elements such as carbon, 
nitroBcir^)xygen, hydrogen and sulphur, This analysis must be carried out 
In a clicmical laboratory by a qualified chemist. 

^ An uitinuUe analysis ol a typical coal mighl giSu* the following i)erc(M^- " 
a(;es by weight. 

Ash 9.47 

Carbon . , * ...... 77 , 2t) ^ ' 

Hydrogen 4 , T)!) 

Oxygen . . , . J, , , , . , , 5*61 ' 

Nitrogen 1 , 73 

Sulphur ^ JL31 

Fuel Ilea l Value ' ^ 

When a unit amount of ;u fuej is burned completely the heal produced by 
this combustion is called the heat value or c^orific value of the fuel. It is 
expressed as kJ/kg for solid and liquVl fuels and a^s kj/m"^ for gaseous fuels . 
In the ease of the gaseous fuel the cubic foot is mejjpuredf at st^dard condi- 
tions^ of 16^C and 10K3 kPa. # 

Two nuUhods are used to determine the heat value of a fuel: (1) by cal~ 
fujation l)ased on the? ultimate* analysis of the fuel, and (2) by burning a sampi 
of the {\\f2l and measuring the heal produced in an inStnAnenl called a caloi:i~ 
meter. - 

^ 

The first methcnl is l)ase(l upon the knowledge that when burned, 1 kg of 
earl)()n will prcxluce :}:}S!)() k.J , I kg of hydrog(>n will f)roduc* 143900 k.I and 
1 kg of sulphur will produce 1J2!)0 k/), the values having been obtained l)y ex- 
perimentation. Therefore if the amount of carl)on, hydrogen and sulphur con- 
tained in the fuel is known fronj the ultimate analysis then the heat value of the 
fuel yan.bif ealeulattMl . 



in lh(^ second method where a (Calorimeter is used, a measujled mass of 
a solid or li(|UMl luel or a measurc^d volume of a gas(*J^us fu(d is burni*d in lh(* 
prescMiee ol suffieicMil air to (Misurc* (U)m|)let(* ciombustion. The heal piMxhieed 
Vs :ib.sorb(*d by a rncwsured amounl ol vvat(*r CM)ntliini*d in a jacket around the*' 
fuel container. The t(*mp(M\'itur(» r iscvof lh<* water is nn^asured and i'n this 
way the amounl of heat produced is di*l(MMnin(.'d. The outside* of the calori-^ 
m(*lt*r is insulal(*d to prev(*nl the escapi* of heal to Ihi* surrounding atmosph(M'(.% 
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CoinbustloiAClie ndstrv 



As stated previously, combustion may be defined as the combining of^ 
oxygen with the combustible elements of a fuel. , 

An o lenient may be defined as a substance that cannot be broken dovvn 
into any other substance. If, for example, a piece of the element carbon was 
divided up into microscopic particles then each particle would sfill be a parti- 
(•le of carbiMi* ^ ♦ 

. ". • 

Ka(*h element is made up of atoms whicj) combine together to form mole - 
cules of the element. A molecule oH;,^i)xygen , for example, is made up of two 
oxygon atoms while a molecule of carbon is made up of one|jparbon atom. The 
moliMHih* is c()nsid(>r\»d to be the snr.illV\st partifMe of a substance that can exist - 
ind(*pen(lejntly. Tljius if a mnhuuilo of oxygen was broken down into Us two atoms 
•lh(Mi thcHe\()Yygen atoms would not exist independently but would rapidly com- 
bine with some other substance or with each other again. 

The atoms of one element may combine with atoms of another element 
to form a cumpQund . The compound carbon (Jit)Xide,Us formed when an^alom 
of (*arbon combines with two atoms of oxygen thus forming a carbon dioxide . < 
molecule. 

Klemenls and compounds are denoted by symbols and listed below arc the 
symbols for the more commojj^elements andJlKompounds used in combustion 
calculations. r 

, Carbon'' C ' ^ 

1. Hydrogen . . , . .\ . . H2 

Sulphur ........ S 

Carbon monoxide . . . CO * • 

Oxygen . ^ 

J Nitrogen N2 

Carbon dioxide CO 2 \^ 

Sulphur dioxide . . J SO^ - ^ <r 

Water Vapor f • . . ^2^^ 

'rirf^ svrnb()ls also incHxratc^ th(^ number .of alums that make a molecule 
ol the suftstanc(^ Thu.s a /nolecule of th(* (Mement sulphur has one sulphur 
alom» a moU^cule of the yiement. nitrogen has two nitrcigen atoms and a mole- 
cul(Kof the compound w:/(er is made up of two hydrogcm atoms combined with 
one oxygen atom . 

Kquations Foi'» Complete Combustion 

The rcquiremenlsToFFom^^^ are:* enough oxygen , good 

mixing of the fuel and (Mjygen, high enough temperature, and sufficient time 
for the complete combining of the fuel and oxygen to be oariricd out. 
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il jiiYklht'sr (M)fulili«)ns arc lullillcd then all Ihc coiTilxisliblc (>l('nu>nts of ' 
ihc luci ^vill he biirnfd and the rion-conibusiibk' c'lcmiMilfi will pusa through liu! 
; I'urnaoe un(:hang(!d except for bcins . heated. 

A typical fuel ma^ contain the following olomonts: carbon, hydrogen; 
.sulphur and nitrogen. The first thr.ee are combustible elcmonts and the filst 
is non*-combustible. The following equations represent the combining*,of those 
coml)ustible elements w.,ith oxygeiv during C()ni^letL' eom*f(jstion . >. . ' 



1 . 



('arl),un • ()xygen_> Ca rbon dioxide 
Q ♦ O2 ^ CO2 

Hydrogen »• Oxygen : — (.Water Vapor 



2 bl, ^ ()■ 



.3. 



Sulphur ' Oxygen — Sulphur dioxide 
S f O2 SO.; V 



The nitrogen l)eing a noK-conibuatible elenien't does not cpmbine with 
o.^ygen Inil passes through the turnaee unchanged except fur an 'i ncrea.se in 
its temperature. 



Kqun lions For Inc.ompletP vCombu^ti on 



; If flhy l):r;th(y TC^c|uir,e^ complete *cpmbuslH)n arc missing then 

■ . ' th(»^fM)mbi^sliM:)hr.i^^^^^^^^ oomplololy with oxygen. The 

"v^^^ TCj(p/^^^ in(;onipleto coriibining of the oxygon and 

the (.v.mibuKlibkty - . > '-^^^ J v-j. 



I .. \: Car.bo.n>' ^vUn^^^^^ Oxygen w_^Carbon Monoxide 

" ' ^ ■ ■ CO . ' • 



TH(^form!ition. oi"earbi)n monoxide instead of ea rl)cn dioxide is unde.sir- 
oul 
if the 



rUdtv because' car bort^^^ is a combustible '/?ompound and in passing 

, ;;of-the-f(JVn:a^^^^^^^ However, if 

,;.;V;,-;'V • ■ /v^ ('"arbori mom)xi,d,o''c()^bin^^^ oxygen I)cforc' leaving the furnty;e then 

'.' "'if" ' ' >' ' \ • it.^ corfi)u$ltoh '\\^111 biM^)r;ipl(>te an^l <-''*bon clioxide \Vill bo formed. 



■v.v-'.v ' V". '." V ;.V./,;Caii}.t*rt:^mpnox:jde ♦ oxygen. — ^ Carbon dioxide 1 
f;ri,iyf'/''.r'i', ii'i' vapor free hydrogen 



i^t ' '.eiimont w^^ if not burned vyill represent a,A^a^e/of fuoi . 



\ 



' ••'//> /^'-i''' :'rhe formation ()f free hydrogen iM 'utide^^^^ Is a eombustiblfc: ;^ 



'» " V'fy^' /.,;/• . .■ 

^-^ :;'.-v.. ..///-S • ,•/•.,/> y,; ,:r.^y'-.- v;:x/'*^i;^ 7'fer4.^ "^-^■i ■M^'yW''':^:'^^^^ 



3, Sulphur ♦ Insul'ticiiont Dxygen -^SulphMi- dioxide + froo sulphur . 
2S . 02 • SO2 ' + S ^ , 

Similarly the formation of free sulphur is undcsir^ible as being combus 
tible it reprcsent« a waste of fuel. In actual practice the sulphur in a fuel is 
considered as an impurity for ahhough it is a combustible element it tends' to 
produce corrosive acids in the presence of water. ' . " 



• Combustion Air and Kxcess Air ' - 

Air is ba.sically'rompi)sed of a mixtu;^'e of oxygen and nitrogen in tHe^"-- 
proportion of 21 parts of oxygen to 79 parts of nitrogen by voluipe. 

TlHi^oxygon required for complete combustion must be obtained froni 
the air supplied lo the furnace. The amount of air required to supply ju^t 
enough oxygen for complete eombuslion is called the theoretical air . In ac- 
tual practice however, il is necessary to supply more than this theoretical 
amount of air.in order to make sure that all particles, of fuel come in con- 
tact with oxygen. The amount of air in excess of the th<j!pretical air is call- ' 
1»d excess air and is usually expressed as a^rcentage of the theoretical air. 

For exiunple, if the theoretical lunbunt of air required for the complete 
combustion of 1 kg of a coal is 12 k^ and the actual amount of air used in the 
furnace is 18 kg per kg of coal then the excess air - 18 - 12=6 kg. Expres 
ed as a percentage ^his would be 6/12 X 100 = 50%. 

The pcrcenlago of excess air required for proper cdmbustion of a fuel ' 
may vary from 10% to (iOX or even higher. The amount required will depend 
upon: tlu' time available for Ihc fuel to mix With the air before it comes in 
contact with the relatively cool heating surliices and is cooled below, ignilj^n ' 
Icniperaiure: how well the fuel and air can be mix(>d together; and lhe tcmp- 
(M-aturo existing within the lurnafiC .-^ ThoHe factors were summarized as time 
turi)ul(-nce. and tcniperaluro under the headmg "I^equirements For Complete 
.Cotni)ustion" on ijage ,3 ()f this lecture. . * 

it can i)c s(>cii ;licrcl'()rc that a gaseous fuel such as natura'l gas which 
can easily be mixed with the combustion air will require less excess air than 
a solid fuel such as .coal , ..... 

il IS (icsirablc to reduce the a'm.ount of excess air supplied to th(> furnac-c 
as nuich as |)()ssil)lc as. the air is heat(>d to a high temperaturj; i'n the funwuM! 
and Lhrrelore carries a lyrgi; amount of h(!at out through the stack. In adtli- 
(ion. the |)()wcr re(juirccl l()ri()r(;ed draft and indue«d draft fans will decrease; 
witli decrea.sed air su|)plicd , • ' ' " 

On the other hand, if the exce.ss air is redu(!ed, too much then there will 
be the possibility of incomph'tc combustion ocicurri.ng with formation'of (;arbon 
rtic^noxide and free hydrogcm as explained under the heading "Kquutions Fyr 
Incomplete. Connbustion" on page 11. 
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When aTuel is burned In; the presGnco of excess air and the cH)mbustlon 
' th.?oT?Lt'^ f^^" sub8t,ance8 Will be produced and will apf>ear in. the flue gas. 
J,^e H b and iVn f ^7"^ ^h'k P'"^"'^^ • the hydrogen will bunn to pro- 
' duct«^gpi 5 ,^ P'^"' wjH burn to produce SOg. In addition to these pro- . 
. duct,s tfienp will be excess 02 that' has not been required In the burning of the 
, J;".^ regen from the air. and a certain amount of ash. The^pxcess O, 

wai J^faAUi irom the U^et that exceSvS'air haw been supplied to the fur naco. 

• ;I| despite the presence of excess air the combustion was not complet'T"^ 
due W low urnace temperature or poor mixing of the fuel and air, then in 
, addition to the above substances there would be some CO produced which would 

* appear in the flue gases. i." , •> wuuiu 

the i^bove paragraphs i^t can be seen that the relative amounts o& 
C02, 02 , and GO the flue gase^ will'/give an indication of the efficiency of 
the combustion and the amount .of -excess air usccl For this reason'it is com- 
mon practice to make an analysis of the fle.e gas either pericldically or contigu- 
ously to provifle a guide for the boiler pp(?rators. , „ ^ , " 

Flue Gas Analysis , - . 

■ . ■.. ' ■ ^ 

When an'anaiysis'of the fl^e g^s is made the volume percentages of the 
C02, O2 and CO a^e determined . While the flue gas may also contain some 
b02 and water vapor the percentages of these are not normally obtained. The ■ • 
b02 content is so «mall that it may be neglected and the water vapor does not . 
provide a guide 'for combustion efficiency. ^ ■ 

• ■ ■; ' ' ' '■ ■ ; 

If a fuel comp-bsed entirely of pure carbon was burned complolc.iy with 
no excess air then th(; part 6i the air that. combined with the carbon would be 
^ the oxygon which malavs, up 2l%, of the air volume.' Thp volume of COo formed 
by th« combining of the oxygen with the carbon will be equal to the volume of ., 

' ""^S" v^!""^ !^ ^^:Pl'»<^^d and^ Will tlier.efore bo 21%.of the flue gaj^. The 
other'79% of Ojo flue gas will.fe^ 

■ ir,.excess air -is usee! in the burning ofthe carbon therl the nitrogen immv 
een age m , the- f|,ue gas. will increase and in add^ion there wiM-be a pere^.ntatie 

^2 P''^«^'"t^e^'auHe of the oxee.ss air,; providing more O^ than is ncuded to 
combine w.th;the-oarbon.,.As u result t;b(> QO^ percentage will' deereai;e , 

' If, in.stea'^l' of pure; earbofl, a fuVttcimsistrng of hvcfrq^un and c'arbon is " ' 
burned Completely xyithout excess air .then as well as COo in the flue gas there- 
w,il ljc jl20 frorn the combustion of the hyd«i*ogon. As a ?esult'the COo .porrent•. 
' f W n J^''' ^^^t""'' the ..percentage, of hydrogen in,' the fuel the low-^ 

^ •■^i>V"[».Oximum <:^jit f^ifm'^^ gas tor'vhrious fuels Ls. a s»» follows; • ! 
'^»^^^^^^^m^^m^<^ym^ fohoiMcppraxii^^a^^ for natural \ ' 

gas ,, approximately Those' figures arj^ f<,r combustion with no excess ' ' 

''''' \.V ^^i\,m:^X mm be iiH'ueiual Pi'iictice then the above per- 

centages Will be redujied in aeeordhnC(> v^Uurfe amount of excess air. Fur ex- 
ample, .ooiil lu^rft<(lvwi.th .-,oX ,.x(,(^s« ai^v%i,, give-a.percentage of OO2 in the ' 
flue gas yf/apfyroximatplv' l2 " 'vv ; V , " ^ 
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The most common method of making periodic analyses of the flue gas is 
by means of the Or6at apparatus' . This instrument is illustrated in Figure 2 
and Consists of three absorption pipettes for the absorption pf CO2, O2, and 
CO respectively, a water jackctt§d meastiring burette; a levelling bottle; an 
aspirator bulb; connecting glass and rubber tubing; needle valves; and a three 
way cock, 4 



Thre* way 
cock 



/■ 




Levellino bottle 
Aspirator bulb 



To flue 9as conr>ectlon / 

/ 




/ 



Oi'pat Appai'atus 

r 

Figure 2 



By means of the three way cock the to]p of the measuring burette may be 
connected through the aspirator bulb to the boiler flue gas passage, or it may 
be connected to the atmdlphere^or it ^ay be shut off from both the flue gas and 
the atmosphere* The burette is also connected to a manifold serving, the three 
anb^orption piflettes arid each pipette has a needle valve between it afhd the mani- 
fold. . 7 

The burette holds exactly 100 cubic centimetres of gas and has a gradu- 
ated scale engraved upojithe^jlass; The levelling bottle is connected by.fneans 
of a rubber tube to the bottom of the measulfc'ing burette. 
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To obtain a *sun^)lo of tluc g;us tlu* lovollinn hottlr is I'irst HIUkI with wi\,tor, 
t\\Q three way cock is opened to the atmosphere and the levelling bottle is raised 
thu^ filling the measuring burette with water and driving the airVout into the at- 
mosphere. The three way cock is then opened to the aspirator bulb and boiler. , 
flufr gas passage atnd the levelling bottle is lowered. The aspirator pump is 
then used to pump flue gas into the measuring burette. Any excess gas simply 
bubbles out through the levelling bottle. The three way cock ik again opened to 
the atmosphere and by raiwSing'the levelling bottle slowly, th(? \\ater level in the 
^^ITuretio is l)rought to the xero mark. This means thai now there is exuetly 100 
env' of gas in the burette and the three way cock is now turned lo shut off the 
burette from the atmosphere and from the aspirator. The 100 cm^ sample of 
flue gas now trapped inside the burette. . * 

To analyze this temple for C02> the needle valve on the first pipette is 
opeaed and the levelling bottle raised to force the gas from the burette to this 
pipette. This pipette contains a solution of caustic potash which will absorb 
the CO2 iH the gas. The caustic potash solution also absorbs any SO2 which 
might be present in the gas btit as mentioned previously this will be a negligible 
amount* The levelling bottle is now lowered to draw the remaining gas back in-- ' 
to the burette and the pipette needle A^alve is>iftosed again. A reading of the 
scale is now taken at the water level. Tlji^lreading will give the percentage of 
CO2 inJMe^ sample. ^ ' 

Figure 3 illustrates the foregoing steps in analyzing for CO2. 



ASPIRATOR BULB 
(Xias Pump ) 



-TO FLUC ✓ 



COCK OPEN TO 
GAS SOURCE 




PUMPING SAMPLE 
INTO ANALYZER 



GAS BUBDIINC 
IHRU WATER 

I u'cV. LEVELING 
'^'^ BOTTLE 




HANDLE OF 
THREE WAY 
COCK 



MEASURING SAMPLE FOR 
ANALYSIS BY RAISING WATER 
LEVEL TO ZERO AND PUSHING 

excess GAS OUT AT TOP 
f 




HANDLE OF [[ 
THREE WAY- 



ABSORBING CO? 
CONTENT OF 
SAMPLE 



COCK ^ ^J^( 



COCK 
LQSED 




REMEASUfiING AFTER 
ABSORPTION READING 

IME PCR CENT OF 
^ CO? DIRECT IS% 

A' 



Analyzing for CO2 * 
. F ifcure 3 
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•f'V AVAILABLE 



Tht'Hi' 'sU'pK should 1)0 rupoaU'ii sovoral limes to, unsui'o complete^ absorp- 
tion of the C()2|^ , , 

The sample may nmV^o an(ily'/ed for the oxygen content. The neodlo 
valve on the oxygun absorptio>» pipette is opened and the sampje iis foi'ood from 
tho burette into this pipette by raising thg lovelling bottlf, /The pipolte eon- 
taiiTji a mixture of caustic potash and pyrogallic acid which absorbs the oxygen 
in. the sample. The sample is then di^awn bacl< into the measuvirtg. buretlo by , 
lowering the levelling bottle and the |H|K'tle needle valve is then (.'lused. The 
r/^-ading is taken on the graduated scale ill tbe water level in the burette. The 
above steps must be repeated several tin\es until a constant reading is obtained 

'li^o cj^et(»rmine the CO (M^ntcnt of the sample the ncocllo/valve on thc^ 'lhird 
absorption pipette is upc»ned and the sample is toreed fron^tlK? measurinji bur- 
rllo to the pipette and back 'into the burette again by manipulation of the lo<^ 
ling bottle. This procedure is iilso repoa,ted several times until a constant 
r(»ading is obtained* The chemical contained in the tK^rd pipette is an ammoni--- 
ar'al solution of cuprous chloride which has the ability absorb^O. >>. 

The volumes, of the gases absorbed in a typical arfalyVis migm read as 
follows: ' ' . . \ 

After absorption of C()2 16 cm^ 

■ . ^' . ' 

After absorption of * 20 g^^'* 

This 20 em*^ represents the volum/? of CO2 absorbed plus the 



additional absorpWcQrt of the O2 



After absorption of G() 20.j/crft 

__ . _ ■ ' i 

'lUlis 20.(5 cm'^ represents the COg absorbed, plus the 
. ■ . absorl)ed plus the CO absorbed. ■ . ' 

The percentage readings are therefore: ^ , 

CO^ .4^ . . . 

O'z (20 - IB) . ' 4%.. 

CO ('^0.6 - 20) ' .■ 0,()X 

Ap[)lica tion of Results . ' ' 



1 . Klue/6as Content \ 

la the typical analysis listcidjn th(* previous sc»otion only 20.(5% of 
the sample of flue f^as consisted (jf products of combustion (C()2. ^2 
and CO). T'ho rc^mai^nin^ 79. 4% consisted of inert gases, mostly nitro- 



gen", with wljich we are not concerned, 



Pr,3-2-5-l6 

1 
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■ / .. ■ - 17 - 
2. Indications of Incomplete Combustion 

• ^ ■ . ■ * 

Sufficient air must be provided for combustion. If insufficient air 
is being supplied or if the air is not thoroughly mfcxed with the fuel then 
some of the carbon will not combine completely with oxygen and so CO 
' , will appear in the analysis. In the example given, 0, 6%. 

' * • ^- ' ' ', . 

''I. Indications of l.xcess Air ' 

., If air is being supplied in excess of the theoretical amount necessary 

then it will be shown by in the .analysis. In the example given, 4%, 

4 . Applying the Analysis ^ * 

The resiilts of the analysis should be used as a guide in regulating 
the air supply and the firing methods so as'to produce the highest per- ' 
ccntage of CO2 without any CO." In conjunction with this, the lowest 
percentage of O2 should be maintained by reducing the amount of excess 
air as much as possible. ■ V • • 



Table 2 gives ji^ini)ari son between tiio proportions of C02.and O2 in 
the flue gas when b ij^jg ig coal, crude oil, and natural gas with varying per- 
centages of excessf 



Fuel 






Percen 


t^o^e 0 


f Excesa Air 


Products 


0- 1 




20 


40 


(iO 


80 


100 


^ Coal 




18. ti 


lb. 9 


.15.5 


13.2 


11.3 


10.2 


9.2 






0.0 


2.0 ' 


3.5 


G.l 


u.b 


~ 9.4 


10.6 


Crude Oil 


CO., 


15.8 


14. a 


13.0 


11.1 


9.6 


8.5 


7.6 






0.0 


2.0 


3.7 


b.2 


8,2 


9.6 


10.8 


Natural Gas - 


CO., mt 


■Ir2.0 


10.8 


'9.8 


8.3 


7,2 


6.3 


5.7 


♦ \ , ^ ■ 

4. 


■ 


0.6" 


2.1 •: 


3.B 


6.4. 


8.3 


9.8 


11.0 



Table 2 



Aulomutic Gas Arialyzei'^s ' ^ \ * 

VrKer.o arc numerous (Tevicos for [ihiilyzi;^^^^^ flue pasCvS leaving a l^oiler 
fi^rnace^ Thesc> (lovfccs arc usually ari-angcd t^^^ a sample of 

flue K{is*from the holler, ahalyze i*t and recpitxKt^^^ results oT the analysis on a 
chart. So'hie types^determi no the (:02 content of the ^j^amplc only while othpr 
types are design^^d U) determine the 02 content only/ Still anotiielf type ana- ' 
lyzes the flue gas sample for both O2 and for combustibles such ap CO and H2. 



. . ^- 
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, . FijSMre 4 IlluBtratos the arrangement of an atitomatic gas analyzer which 
deternr^lnSs bpth the O2 ahd combustfble content of the flue gas. 



COMBUSTIBLES ANALYZER COMPENSATING FILAMENT THERMOSTAT 
COMBUSTIBLES ANALYZER .MEASURIKG riLAMENT-\ \ HEATER 

AIR FLOW CONTROL ORIf ICE 



AIR t^R^SSURE 
REGULATING VALVES 



OXYGEN ANALYZER MEASURING FILAMENT 
OXYGEN ANALYZER COMPENSATING FILAMCnIT 
OXYGEN ANALYZER SAMPLE ORIFICE 



SAMPLE PRESSURE 
REGULATING 
VALVES 



COMPRESSED 
AIR INLE 



GAS SAMPLE' 
INLET 




SAMPLE FAILURE 
ALARM SWITCH 



AfR' FAILURE AL ARM^ SWITCH 



EXHAUST TUBE^' 
COMBUSTIBLES ANALYZER SAMPLE ORIFICE 

Automatic Gas Analyzer 
Figure 4 



Referring to Figure 4, the sample of thd; flue gas is withrirawQ. from the 
boiler and supplied to the analyzer under pressure by a wftter operated aspir- 
ator or injector. The pressure of the sample is controlled by two pressure 
regulating valves placed in series. These regulating devices consist of free 
floating valves which' float on the gas stream and if the gas sample pressure 
..increases then these valves will rise and allovM, some of the gas to escape to 
etmosphere. Conversely, if the ga« sample pressure drops,, then the valves 
will lower and reduce the escape of the gas to the atmofjphero. In this way the 
gOB sample pressure is maintained at a constant value which Is detormined by 
the weight of the valves. • ' 

After passing [thrpugh the pressure regulating valves a portion of the gas 
sample is bled off through the oxygen analyzer sarpple orifice to the oxygen 
analy/^r cell. Another portion of the sample is Ijlod off through the combus-- , 
tibles analyzer sample orifice to the combustibles llnalv^er celK 



■ - 19 - ■ ' ' ■• 

After pflHsing through the oxygon sample oriflee. that portioh of the gas 
sample is mixed with hydrogen supplWd from a storage cylinder . This mix- 
ture of sample gas and hydrogen now%8ses into the oxygen analyzing cell 
which contains two platinum filaments ;\ Enough electrical current Is passing 
through these filaments to cause them to glow. One of these filaments Is call- 
ed the measuring filament and the gas mixture has free access to it. The other 
fltement is called the compensating filament and only a small amount of the gas 
mixture can contact it. . . " 

When the mixture of sample gas and hydrogen conie.s id contact with tin; 
hot filaments the hydrogen in the mixture will be^ to burn. The amount of 
combustion and therefore the amount of heat produced 'from this combustion 
will depend upon the amount of oxygen contained in the flue gsis sample as this 
is the only oxygen uvailatale for combining v^^ith the hydrogen. , 
« ' . ■ ,,. .* 

The mOasuring^filament will be heated up by this combustion to a greater 
extent than the compensating filament as-tho /fneasuring filament Is exposed to 
a greater amount of the burning gas. The electrical resistance of the measur- 
ing filament -vvill be increas^ed to a' greater extent than that of the (fompensuting 
filament due' to this heating iip. ' The change in electrical resistance is measur- 
ed automatically and Is proportional to the oxygen percentage in the gas sample 
This percentage is then indicated on a reeord<.'r. / 

■ ■ /' 
The V>ortion jjf the gas sample which passes through the (•oml)Uslil)I(«s 
■ orifipe mixes with compressed air which is supplied at a regulated pressure 
from a compressed air. source. The mixture of sample gas and air then en- 
ters the conibustibles analyzing cell which, like the oxygen analyzing cell, 
contains two platinum filaments .one a mcasuringlilament and the other a 
compensating filament. Thelmixture has frcu' access to the measuring lila- 
ment while the compensating filament comes in contact with only a small „ 

amount of the mixture . ; 

\ • 

' If any combustibles are i)resent in the gas sample then they will combine, 
with the oxygen from the compressed air and will burn. The heat prothuied 
will increase the resist:itj(;e of the measuring filament to a greater e.xtenl than 
that ol the compensating filament and this change will he proporli(mal to (he 
combustibles percentage in the sample. This percentage can then be indieatcnl 
on \\ recorder. * f ' 

The block (iontaining the analyzing cells is maintained at a (tonstant lenii)- 
erature bv means ol a thermostatically eonlroUeil^ heater element , ■ 

Pressure scMisitive alarms are us(>(l on the sample* gas inlet line and on 
tlie eom|)ressed air inlet line to. fndi.cattf failure of supply of^cither oije. , 

Smoke Prcycntiim / ■ , 

With the burning ol Some fuels, parti(>ularly e^al, there is the p<)ssir)ililv 
that smoke may be formed in the furnace and discharged as part of the llu(.\ gas ' 
through the chimney to the atmosphere 
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« Smoki! oonsists of volatile material from tKe fuel mixed With very gine 
particles of carbon and is the result of incomplete eombusti6n. It has already 
been stated that to obtain complete combustion there must bo high enough fur- 
nace, temperature , sufficient air supplied, thorough mixing of the rfir with the 
fuo/and sufficient time for the combustit^ to be complected. From this It fol- 
\om that by burning the fuel under these conditions in the furnace, smokeless 
•combustion will be obtained, f his result however ear^not be attained unless the 
furnace is both property designed and correctly operated. 

Smoke is detrimental to health and destructive to property for which 
reasons cities hfjve smoke prevention by-laws. However, to the bngincer 
there is also the consideration that the smoke is direct evidence of w^ste and 
uneconomical use of fuel. Therefore efforts to secure and maintain good com- 
bustion Will result in fuel bHl saving. 

t 

The absence of smoke however should notN4)c .accepted as conclusive evi- 
dence that combustion is 9omplete, Excess air in large amounts ^ay so dilute" 
the smoke as to render it almost invisible, while at the same time lowering 
the furnace temperaturc^nd carrying away heat while passing through the fur- 
nace thus reducing the efficienc'^ of the boiler. 
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Power Kimiiu'c'i lim X ' Third cUiss . 

I, Sact. 2, Lect. 5 

I 

I; Kxplain why all of the hoUt thcoi otfoally obtaina.blc from a fueUcannot bo trans- 
. fcrrod to the water and steam in a boiler. 

2. (a) Define the term ^'combustion" ai> applied to a boil'er furnace. 

(b) List the eonditions neeessury for complete eombustion. ^ • 

(a) . List five main classes of coal and name ami deseribe briefly those (Masses 

commonly used for steam Kenejj^tion 

(b) I^xplain why the other classes are not usually used for slca.m gi^neration, 

4. (a) List the advantages of oil over coal as a boile? fuel, 
(b) What are the three types of oil used as boiler fuels? 

(e) What are the advantages and disadvanta};es of natural gas as a boiler fuel? 

f). (a) Kxplajn what Is meant by a ''proximate" and an *'ullimatc" analysis of a 
fuel. I 

(b) Describe briefly the procedure involved in making a proximale nnalysis 
of a coal. ^ 

G, Explain how a calorimeter, is used t?b determine the heal value of y fuel. 

7. (a) Lisl the 'caml)Ustil)le and the non-combustible clenuMUs of a coal. 



" (b) (}iv(» the (^cil|alions fov l)\v (*onipl(*Le coml)usLi()n of lh(\ c()ml)uslil>lc el<»-^' 
menls. , \ ^ ! 

((») Ctivc the equations lor the incH)mplelo combustion of tjiese elenu^nts. 

8. (a) • What is meant by fhe term ^'excess air"? • . ^ 

(b) Explain why too much CNcess ivir is und(\sirable , . , " * 

!i. (a) *Mak(» a simf)Io sketeh'ol an ()t\sat l\v\v \y[\s analv/^ei:.. 

l)(\s(M l)ri(Mly how a Hue j^a ana l^is is made with the Orsal appaiMtus. 



(b) 



(e) Kxphiin how a flue f^as analysis will indicate c^pmbustion (Mfiei(Miey and 
amou'nl of vxcoss air 

(d) Giv(» th(» readings^for a typical analysis of Hue;j^as for Voui* pl;ml» 



10. 1iriefly\les('ribe t4ie prineipi(» of^)|)e ration of an tiulomati(» gas analy/(M\ 



I 
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COMBUSTION — HEAT TRANSFER 

i 



Goal: 


Performance Indicators: 




The apprentice will be able to 
describe heat' transfer methods. 

/ 


1. Describe heat transfer by / 
''conduction. 


f 
• 


• • 


2. Describe heat* transfer by 
convection. 




t « 

V 


' 1 0 

3. Describe heat transfer by 
radiation. 












• 
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INSTRUCTIONAL LEARNING SYSTEmJ 




^ ^ Read the goal and performance Indicators to find what is to be .learned from 
package. . ' 

^ Read Ihe vocabulary list to find new words that will be used in jfeckage* 

Read the iiyrroduction and information sheets. ^ 

* Complete the Job sheet ^ 

* ^ Complete s^lf-assessment. 
^ Complete post-assessment. 
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* Conduction 

* ConvectxLon 

* Convection currents 

* Forced convection 
/ 

* Heat transfer 
Insulat-ion 

* Joules 

* Natural convection ^ 
^ Radiation 

* Thermal conductivity 
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H l l |l j | t lll ||[ l | ||llllll|l ti lll lM l |^ l M|f ^ ^^ 



■ ,■ :^?>; vy,.,^/ . •V:-;i-f'..i,-: ^t' ' ■ '\ .;;''V''^'>V;S/'V-;'' Iv--; ■'KV---'' V:/' 
.J, ... . .... . , , ,,. . ^. ........ •>.\v;;i • . ■.vV;''-/' 

V ■•; 'Much -of the heat can tje efficiently utUf ieil' if 'v'the mibthodis^^^b^^ ttrinsJPer aire- 
; ' understood and followed • . The opw^ator n),u^t m^det^ataiiid;^^ 

^:ran^;fer In order to uttderstanti toe; 'p^o^^^ -Operatiion-i 



* ; ''< '•' •'■ . 



ThK package fexpl*lM rthj thr*C .himt Ktts 



■ f 



y ■ -5 

; ^ * y : 



, :vVi'^^:;^• 
.,>^:■v^':^■.^...•... 
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.yip:) ' 
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:ia^at flqwa f rQm; (3^^^ The flow 1^3, aiwaya;,;!^^^ of , 

teinpeir^iiX* to 'tfe one ;q| lpwei^,ifeemp6ivai^ . ; :;The^ rat<? of . tidy ta: depenjient on 
the, t^peratuW dif f er)^ncea I ! and type of iD#ii<iirlal VtHat. the ;;Hte&t . Is. ^lowingr 
tbrci«^h. ■ The movements M ' heat ■ 'from lilace / to aji^other..; is called 

- heat^^jttahBfey; ;^:' ' / , /:^|^'f^^ ' 

H^iat-'' traiuafcr. can be accompllshedj;J)x thjc^ee:taetho<^, \.;;;<;^ ^ -i;:;:? 

'i ■ 1. Gbinductlbn ' .' . " ' ;" ^; : v • ■ ' ' •■•fi*'' 

2» ; €tfnyecti^h ..•'i:'^'' ' ^ . -''i.^^ ' ' r"';; ■ ;• ' 

. 3. Ra4iatji:ory J : ■ ;/ . 

In conduct^ijn, heat inove^/through 'a bo^y ; fron^ i)«e moieculi^i.to th0 /next p^^ecule. 
II a hip t«mpeVature^ applied to -one molecule, th,« - heat wiU^; iwye to. 



V,* • 



•riurrounidiSi ♦ molej?'tiles 6f lowfer 'temp;4ratur6. An ex^ple of. 'Cbnducti^pn ' occurs 
. when a^ ^^^^ ob|i$^t; id heated on onssehd. ' The heat will, travel fr^/ipol'ec«l^ ^o 
. V ffl^ imtiM' t^^ eventually become .hot.v matefrlals - 1 v 

^ conduct ,heat? ■: very- well. i;The ability to pondiifct.; h^ijlt;;;; is ;f4all^d',v' 
r thermal conductivity which ia',^*{^reSse.d^itf joules of- heat .transferred;, ^ C^^ ' 
• . h^ti a Mgh th^^l conductivity^;: :: Air; .wool, cork anid asbestos; .Siave X^^^ thermal ; 
:v.''*^c0flidi»<^tivi;ty^;iBhd- are:{iii:$ed-, as- insulatiQn to.^r!^du(je^;thf tran^f^.^ he^f ■ > ' • 



Convectldii 



. ' Heat tiTflihsier by convfis«iti6h inV^Lv^s j;iquids As, a ^iquU fit gas is 

v--r. ■ ''Wte<fi^ it^ e^ When it moVes upjmrd, v it .i» / -1^ 

• V ^ ^*'epla;^ed by-;V^^^^^ liaiiid thfli't will b$" hea^^^ . The water in fr ;%)iler drum^^;^^^^^^^^^ V 
■"^W ;^^;:-^e^ed ,-by <i;9rij^tioni^trent^ . ■ Fi^jie gasest^inbve 'Ajp theysmokesta^lf by convepfioh^v • ^ 
A^:^i^-''f::^ ■ /.-'^Itiis " i^>ithown .!'a^; hatural cony^ction becau.sisi/it rises ■ on.^ats .. PVn >8 ■ , 




lUdi^tlon- -'t^fefer^^ tp emission of waves; Ip th^ case; ^>f hig^t trorisf er the/'- 
y^yes atfei imit^d ^firom a high tetoperi^tture bodie^; ' The re<^^ving body ViU 
Y 4i;|her absorb' ^^i^t^;^mal waves? ^allow^' them to /pallia <^ thrciugh; ck. reflect th^tf 
Vpii/&y.^^;idrne ^eri^ls absorb heat and^' others reflqo^Ait vg^5n><><>t;h surfaces^^end 
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Cto re ^ect it,- .Smooth syr^^^ to reflect heat while rough sur^faces absorb 

it-, Air tpnds to pass the erfergf/ through absorbing only a small part of the 
^ Heatv^^^ b<i;Ller operation, heaths transferred from the furnace to the tubes by; 
radlatio)(!i. ' 



V 



4A. 



.4. 
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* 

* Read pages '8 - 9 in reference, * * I 

* Complete job sheet, ^ 

Complete self. ^assessment and check einswers. 

* Complete post-assessment and have Instr victor check answers. ^ 





' 4. 



Job 






CONDUCT EXPEBilM^TS IN HEAT TRANSFER 



1. T^ke a piece of copper wire. Hold on to bne end and stick the other end in 
the fire. Continue holding until heat reaches your hand. (COttoUCTION) ^ 

2. Hold your hand over a fireplace fire os campfire at some distance above the 
flames. Feel the warm currents from hot air and gases. (CONVECTION) 

■ ■ ' ' - ' ' ' . ■. ■ 

3,. Find a spot that will allow the sun to beam directly on to your tiody. Feel 
'"the .warming by the thermal waves of the sun. (RADIATION) 



8 
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Assessment 





!• The movement of heat from dne body to another is calledl 



2. The tDovement of heat from molecule to molecule Is called 
5. 



Thermal waves move from one body tso another by v ^. . 

, Fluids and gases move heat by rising upward as the teipperature rises. 
This method of heat movement is called . . .. . < 



The iibility to conduct heat is called 



> 
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iSeff 'Assessment 
Answers 



1. Heat transfer 

2. Conduction 

3. Radiation 
. A . Convection 

5.- Thermal .conductivity 
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INSTRUCTIONAL LEARNING SYSTEMS 




1, List three methods o{ heat transfer. 




2, Which method of heat transfer is used to ropye heat from the furnace to 
boiler tube walls? 



J 



3, Which mithod of Heat transfer is involved in moving flue gases up the 
.smokestack? <^ 



4, The thermal conductivity of materials is expressed in 

V ' ; ■ * . I' 

5* List two types of convection. 



\ 



V 



11 
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Instructor 



Answers 




1. Conduction, convection and radiation. 



2. UKadiation 

3. Convection 
A. Joules 

5, Natural and forced 
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COMBUSTION — WOOD 




I 




Goal: 



the ^^refttice will be able to 
dejroribeAactors affecting* 
e^bttstlon of wood fuel. 



Performance^ndlcators: 

1, Describe fuel related £a<:tors 
affecting combustion, . ^ 

2. Describe air related factors 
af feeing combustion; 



3. Describe other 
aff ecting ' combustion , 



factors 
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"INSTRUCTIONAL LEARNING SYSTEMS 




* Read the goal and performance indtcators to find what is to be learned from 
, packaft|. ' . , " 

f '. ' . r 

* Read the vocabulary list to find new words that will be used in package* 

fv ■ 
the introducticm and information sheets* 

f Complete the job sheet* 

* Complete self -assessment* 



0 



^ Complete^ post-assessment* 
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VQt^biilary 






* Evaporatibn 

* Ga^eous-^phase, reactl^h 
^ Moisture content 

* Proxl^mate Analysis 

N ' • ■ . 

* Size of particle ^ 
^ Turbulence' 

* Ultimate analysis 
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as a fuel for dte^ a^nM^ratlon' i- 



Waste |wqod products are becoming more impor^tarffe as ci fuel f of fiteiain^^^^ g^^ 

equipmlnt. As forest products firms seek better' utiiizfitlori* of 
^products, the generation of power of f ers. a practical use for hogged fuAls. 

. ■ >},■■■ ' ^ ' : J, ^ ,„,,,■■■/ -4 

The Oregyj|» landscape was recently dotted with wigwam burners and Wasee sawdust r 
^les* Titose scenes have vanished. rHogggd fuels, sawdutit and ISifitrkdust have' 
/oecome vriluable by-products of a f oreat^et^pm^ generation is one option 

in full utilization of Oiregon trees*. ^^ / . ^ ^ • ; , * 

the combustion of wood <yi£6tis from sbme of 

the factors to be consi^fflWu in the coml^u^tion of yfooj^ ixxel - ^ 



i 
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* " ■';.C'^^^v.;;i f,;-^' - 'V^/ .i^^, 
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.*■ ;'tn.^:::0^^ h.pB-ged'.' fuel -.is iU^ed to'-'pne,^^^^^^ ' ■■• • 

;4 :XBaa4!caUy.^ : U of woad 'fu^l. .;is^'',.; . ■ * 

^'vA^/.'ii^f iV pliit;jll;<s,:;-^.Cter and ■ ■mws'f^jfnri^^ 'factors -affect .-the - ■/ ■ 

^-^v^^,;' \yiivnikttii; .fi$'^^^ a^ii t;heir heatv:'yief dv'-^' 'iN;^'""' .. ^- : ;7 ■ . 

g»aeouisi^:-6tat^^J^^ -burntng-,, _* .... . ; 

'.y.'" i^place .-/j-.'-'the ' sfwiler''^;ip%^pee f astet tKe ' woo^di'' -wili ,' ■ ' r^j/- 

' ^i^f 'iit ."surface :;^rea''"'to^^^^^^^ used' ,_to, v..desigtiate ■•:'.lthe'; 

-j^j^^^-e rate¥'iby/ 'd'd;if'forent'.'slze',w.o6d:\part^^ * ' * 



, — Ip-is'l^ujc^'' ■■, ccmlfenti^'^.-di^ -eyjipoii^ation 6f . .,wpod_,:;;'^';^uel';' 

' '.y. : /;^-^Vap%^^^^ vtlth idi^vood llu«(J^;;'' \In high. ;] 




^. .Wdc)d,j.'^'d' Bark ' 



•llatlp V ■ ' Effect On 



■ ... ■■■:/-Re)^^^ -■ I Content' (%) ;.'''y''':$ijOfteac6'^^^^^^ '^'^^''^rRiate^-bf . .... 

•^';.> T'^^'-^aik^.'^^',; •iv-.-.-;--'"':^'..-'^ •;.V^/v:;^45>'^-.^' • ..... ,r;U::;^''>-:-i'^"'v:--^^Z .a 



y .illp-'^^" the isf|<69t' of partiipjt,9;ii|Sf^ie^^^^ The swiwdu^ 

. *;>''*|r value/ftf«^17 p:s;^ -^OirvbiarkiSr^'^^.^^^ rate of ; coD?.t)48tio«j|i6 much" fa 

"i? '^''^ionienh, afffi<;t;s^l%'he\;r!ateVro!|-.'icoMbi^^^ 



■ilrtiiMwiitii 
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.4 0 thfft. 617. pounds of air 'is it^cluired t;o butn jDOO . . 

' pounds of hogjged fue^v Th^ excess air.- can be determined directly "form mea^uifing ;' 
CO^'md O^^vjand cbmpgyr,ihg it; vithrthis ultimate^ analysis of vpod fweX. ^. ' 

Prjp^itoate AjftplyBis /.v- . " " • ■■';'■.•„ 




•■.■|' •' 



v^0,prc^3?;imat^ analysis provides percentages of volatilfe matMa:#TaIi3, fixed carbon 
f^il ash j[(h;^ fue-^'. From 75*-85% of i^ood i$ volatile liistter. 4^ 2^5 aah,; content ii3 . 
l ot v tO-.an opjeratpr. Ash does; hot bum but it can cause probrems :. by . 

pju^ing;^^^^^^ airways ajad '^tegr?.'. - ffecftahlcAl collection ciqiiipment must be 
Ji^^gned' t6 wi-th^ . : . ' ' : ' : r/^ 

V M^aiod of I'eeding Fuel "Vl, / •^^'^-^.^ ' ^'^ 'V-. ^ :' - r.^'^' ■■ -r- ■' \ 

.fllinje method for feeding , fflel is dependent oh the furnace idesign . Inv a Dytch pyen 
l| furnace* -the fuel 1^ pouted onto the to^ of a pile; and allowed to tUtable .down the 
pile #t;G . the furnace gf^pes . Combtfstiion ;ief 'bIou in taking place . A spreader- ,'1 
'.stoker fuynlace is fedP'ifciy.sp.rea fuel acrbss the grate and^ fall: /through ' 

the flames. ^ ..(^budtldn takes 'place Tlie method of feetdiing • will 

have an effect oft thel^ v / 

Distribution .of Fuel in Futnace ./ ' - ^v 

l^ij|l^;;^^ fumaqe floor/ , Even distribution' of J ;.iMel ' ': 

i&h&^|l^l^|bi? practiced in all' typ^js of furnaces.- . ' , .. i ? . 

y.arlatiffls>1;0 Fuel Feeitt Rates '--'r"- ry' 

Inereases in fuel feed ' rates to' 1^^ load demands ^jipay Affect, combustion* 
Loading Ifigh moisture fuel into a furnace may. aittde an upse coBjbustioh 
process. The feed rate should be increased ;^radiiiaLly*-not all W 0 
Ihcreadesjielp m of the cplaibustioi|i prpce^^ • 



Pei^ Qj^ Fuel iPlle . in Furnace ' ' ■ -J- ^- , r" ' ' 

Deep piles of* iuel cauae a decfeeee in airflow under the ,fire. 'Most; :wbod 
f^jrnacis}?. Va^^ liiqt equipped to vdry the air pressure. In Dutch oven furnaces, 
changes 5 th fuel pile depth causes chariges In the transfer of ^ radiation - hiBati 
Care sh0uid- be given to melntainijLng a fuel pile de.pth that is constant. V 



>'6 
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fuel' are ^sbd at^-jthe same time. Some 



r 



^'Someit;itt(is, several q| ho^^jge^- 

/oper^^^ palx fu^^s tbjg'ethet /^d oti^ 'i^hem into the furnace 

aepar^tely^,^ :Quiti6'6fte^^ batlt Br^^fe^ Probleps In 

Jvicombu^ arise vhen different '^'u^^ fed fijito 1;he furnace. Sanderdust 

• is jiighly; cpmbu^^^^^ wli^le^bark iq; less fedmbu^jsible. The uneven conj^ustion 
ratellv ma ;iead' to-'pjrobi^ins in ^tabili^;Lng tib^^^ coiribusti<jn, process. 

.h-':-:. ' . v*' - ^ - ■ ' 

Other fueJl^« are of ^en usied to support combustion of high moisture woodi Coal 
^ ^rtd^^ oil topta^ sulfiir which' creates >ir pollution. This may not\ be dtfesirable 
- when air ' polluH'6^^ statidards are to be met. Natural gas is a good choice* of 
' auxiliary, fuels ,beCa^ relatiVSily*^ ree of ash. 



fercentafee of Excess Air 



Some , excess "air Is. neceesary for the combustion process. Too much excess air 
cr^Qtes problem^. /^Manuj^actCirers recommend/'^O^SO percent range as being optimfm 
for - excess air ^^1^^ hogged fuel boilers. 

• .*■*."' ' . ' . . % 

Air Temperature ^ ' - " 

Wheiii Mr enters the combustion zone^ it should be prehaated. Preheated air is 
Importaiit to drying of the fuel and speeding up the Combustion rate« 



Ratio, of Qyerflrii to Ijftderfire Air ^ 



The ratio will vary, vdth the. design of the furnace^. A theoretical ratio ^qows 
that 75% of the alr^should be supplied above the fuel pile and 25% below it* 
Fuel / moisture, content and f^umace design influence the ratio. With some .high 
, molldCure woods < the under fire air should make up 75% of the total air. 

TurbuXence of Mr . . , - 

Complete combustion .reqtrtires that oxyfien moleculefi must come into contact with 
* each fuel moleculet In order to make this contact, the air and fuel must be 
tossed aroiuid by a gas flow In the furn^ci^. The more turbulence o£ air, t the 
better the combustion process, ' Well ^mlxed fuel and air is safer because fuel 
vapors are not alloHed to collect pOck^ts. Explosions can be thd result of 
auch vapot pockets.*.;^ \ / ^ / 
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Flow Relations Betveen Forced-Draft And Induced-Draft Systems 

■Some hogged fuel furnaces do *not have balanced, automated draft systems. Such 
installations do not have good control of the combustion process. Incomplete 
combustion in the form of emissions of smoke cinders and other pollutants can be 
observed coming x^y? of the stack . » ^ 

Ot her Factors 

^■1 l—l ■> * 0 ■ 

4 

Soot and ash deposits must be regularly removed if gobd.combustfion conditiort^^ ' 
' are to be maintained; ^ . ^ 

Boiler cleaning anck maintenance is important to good combustion. 

The water level in the steam drum should be toaintained i&x optimum combustion./ 



I. 
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*^ Read pages 19-29 in supplJmentary reference. 
*. Complete the job sheet. 

*J Complete the self-as ^g ssillent and check answer?; 

* Complete the postras6essment and ask insti\ictor to check answers* 



V.I 
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INS ' I HUC ' i lONAL- L ' bAHNiNU SVb I bMIS 



Job Sheet 




^ VISIT WOOD BURNING BOILER SITE \ 




^ Locate. a nearby plant that uses wood as a fuel. 

^ Ask "permission to visit and observe wood fueled equipment • 

* DetexiDine . 

- What type of hogged fuel is used? ^ 

- • How is the fuel processed before entering furnace? 
^What kind of furnac^ is used? ' . ml 

- . What type of draft control is used? ' ^ 

- Does the plant use an auxiliary fuel? What kind? 

- Does the plant use separate firing practices for more than one kind of 
hogged fuels? 

- What types of equipment are used to monitor fuel^.air, e:J:haust gases? 

- What special equipment is used to control the combustion process? 

- How is air polluti<^n monitored? 
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/ 

1..^ What percentage of hogged fuel is volatile matter? 



2. *^The rate of evaporaticxn is ^^ai^gelj^ id^termine by 
wood particles. J . • ia 



3. Which has the higher moisture contehtr^sawdust or bark? 



4. Which will burn faster— sawdust or bark? 

■ 

5g J^at is ishown in a 'proximate analysis? ^ 

' . . :"■ 

6. What is shown in an ultimate anal^jjrdis? 



7 4 Should wood fuel be fed as a pile of fuel or spread even^y over the furnac^ 



8. What is caused by ibaklngr the £uel pile too deep? 

/ 

/ 

9* What is the major disadvantage of coal and' oil as auxiliary fuels? 




10. Why is air turbulence important to combustion?* 



/ • 
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# Self Assessment 
Answers 




1. 75 - 85 % , 

2^ Size • " 

.',3. Bark • • ' * ^- ' 

. ■ ■ ' * . - 

A. Sawdijst , ,. ♦ - * • 

5. P^tcektagfs of volatiie matter r fix-ed carbon* and ash in 'fuel 

' ' * . ■ / ^ \ ■ 

^6. Percentages of carbon, hydrogen, oxygen, nitrogen and ash in fuel 

?• Spread^ evenly over-^floof , 

8, Decreases ±^ airflow under the fuel pile ' - 

. * . I • • • 

9. Adds air pollution probirefa ' . ^ 

10^ Aid combustion and prevent gas vapor pockets 

' - ■■ ' \ ^ ' ^ . ^ 



/ 
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INStRUCTIONAL LEARNING SYSTEMS 



•Post 

Assessment 




1, In systems^ ^d^hout good draft equipipent, wKat afe some observable signs o£^ 
incomplete combustion? 

• ♦ ' ^ ^ ." ' 

2. Which fu;-nace would offer tjhe fastest rate of combustidnv due to its'metthod 
of feeding—the Dutch oven or a spreader-stoker type?' . , ' , 



3* When there is a sudden denaiW f or st^am load, 9houl4 the operator increase 
the feed V rate -gradually or all at once? 



WtiV do small wood particlfes^ve^ better combustion rates than large 
particles? 



5. The effect of particle size on -combustion rates is described as a surface 
area to ^ .ratio. ^ . 

■■•../.-. . . ■ • 

6. The percentages; of oxygen, hydrogen; carbon, nitrogenjiand aah in a fuel is 
determined by analysis. ^ ^ , 

7. The percentages of volatile matter, fixed carbon and ash is determined by ^ 
. a ahaly^is of' wood fuels. 

8. The theoretical ratio of aiT needed fpr combustion is \ . ^ Supplied 
as overair and _____ % as underair . Due to ddsign dif ^^erencfe? -this 
ratio does nat apply in many furnaces. 

9. ' List two reasons why air turbulence is important to combustion? - 



( 



10. Does the airflow increase ©r , decrease um^r .the fire when futl is pi^ed 
. too deep? ; ' 7 

1 ♦ • ' 
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Instructor ^ 
f est Assessment 
Answers 



\ 




1. Smoke cinderQ and polliitants passing^out the. stack 
2 • Spreader — stoker 

3. Gradually 

4. Allows evagpration to take place faster 

5. Volume 

-4 

I 

6. Ultimate analysis 

7. Proximate analysis 
a, 75 % overalr and 25% underair 



■, V:- 



9. Mixds full and air molecules and prevents fuel vapor pockets which may 
cause explosions* • ^ 

10. Decrease I y ^ ^ ^ ^ 

J ■ 



< 



/ 



ERIC 



■f 



194 



1 




References 




j ^ Boiler^''Fire<l With Wood and Bark Residues. David C. Juhge. Research 

•Bulle/iA 17. Forest Research Laboratory. Oregop State Un:^versity. 1975, 




